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ABSTRACT 


Results  of  experimental  and  theoretical  investigations  ore  presented  on  the 
use  of  0  nuclear  generated  plasma  in  o  noble  gos  plosmo  dbde  therm  onic  converter. 
Related  programs  of  emitter  materials  development  ond  plosmo  measu'ements  ore 
described.  These  ore  presented  in  the  following  individual  reports. 

A.  Inpile  Ion  Chamber  Experiment  -  Theory  and  Tube  Design 

B.  Pulsed  Noble  Gas  Plosmo  Diode  Experiments 

C.  Electron  Mobility  in  Gases 

D.  Spectroscopic  Measurements  in  o  Cesium  Low  Voltoge  Arc  C  mverter 

E.  Uranium  Carbide-Rhenium  Cermet  Emitter 


Investigations  on  the  Direct  Conversion  of  Nuclear  Fission 
Ertergy  to  Electrical  Energy  in  a  Plasnia  Diode 


Introduction 

This  report  for  the  period  February  1,  1962  to  October  31,  196.?  covers  the 
research  programs  related  to  the  conversion  of  nuclear  heat  to  electricTty  in  a  noble  gas 
filled  thermionic  converter .  It  consists  of  individual  reports  presented  on  various  phases 
of  the  problem.  The  following  sections  on  Objectives,  Summary,  Conclusions  and 
Future  Plans  give  the  substance  af  the  main  body  of  the  report  in  condensed  form. 

Previous  inpil®  experiments  on  a  plasma  generated  by  fission  fragment  penetration 
of  a  noble  gas” #2)  ^^^e  performed  using  a  diode  orrangement  with  a  hot  emitter.  Data 
were  obtained  for  xenon  at  8  Torr  and  for  a  Penning  mixture  of  neon:argon  (1000:1)  at 
.  From  saturated  voltage -current  characteristics  an  ion  number  density  of  1 .5  x 
10  cm  was  ojMerved  for  xenon  and  1 .3  x  10^®  cm "3  for  the  Penning  mixture.  A 
value  of  9  X  10  cm*^  was  observed  for  a  particular  'ion  trapping'  configuration(^)  for 
the  Penning  mixture.  These  number  densities  were  observed  for  a  neutron  flux  of  about 
5x10  n  sec  cm"  incident  on  the  enriched  uranium  fission  fragment  source. 

^  This  report  is  concerned  with  studies  related  to  o  nuclear  generated  plasma  and 
In  particular  to  the  problem  of  extending  measurements  over  a  wider  range  of  gas  pres¬ 
sure  and  number  density.  Progress  In  other  areas  such  as  plasma  spectroscopy  and  elec¬ 
tron  emitters  related  to  program  objectives  ore  also  presented. 

Objectives 

The  primary  objective  for  investigating  a  nuclear  generated  plasma  in  a  noble 
gas  is  to  determine  the  feasibility  of  using  a  plasma  of  this  type  in  a  thermionic  con¬ 
verter  employing  nuclear  heating  of  the  emitter.  A  noble  gas  filled  converter  would 
have  an  advantage  from  the  point  of  view  of  eliminating  the  corrosion  problems  asso¬ 
ciated  with  an  initially  filled  cesium  converter. 

^  The  objectives  of  the  research  reported  under  this  contract  period  are  the 
following: 

1  •  Inpile  experiments  on  noble  gas  filled  diodes  with  uranium  bearing  emitters 
ore  to  be  continued  to  determine  the  maximum  attainable  plasma  density  in 
a  given  neutron  flux  using  fission  fragment  ionization  of  the  gas. 

2.  Experiments  are  to  continue  on  noble  gas  filled  diodes  using  electrically 
heated  emitters  wherein  a  plasma  will  be  generated  by  auxiliary  discharge 
means  both  pulsed  and  dc .  Measurements  as  a  function  of  pressure  and 
electrode  spacing  will  be  made  to  determine  conditions  for  achieving  high 
plasma  densities. 
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Techniques  previously  developed  for  spectroscopic  investigation  of  cesium 
plasmas  are  to  be  continued  on  diodes  that  operate  as  thermionic  converters. 

Theoretical  studies  of  the  plasma  physics  of  thermionic  conversion  is  to 
continue. 

An  analysis  is  to  be  nxide  of  the  noble  gas  plasma  diode  converter  using 
fission  fragment  ionization  from  the  standpoint  of  performance  that  would 
be  predicted  on  the  basis  of  the  experimental  data  obtained. 

Summary  of  Results 

A  brief  summary  of  results  is  given  for  the  individual  reports  contained  herein: 

Inpile  Ion  Chamber  Experiment  -  Theory  and  Tube  Design 

Plasma  density  is  sensitive  to  gas  pressure  since  Ion  loss  mechanisms  are  density 
dependent.  Thus  It  is  desirable  to  extend  plasma  density  measurements  over  a  wide 
pressure  range.  This  can  be  done  by  using  a  tube  with  cold  electrodes  In  which  ion 
current  only  is  measured.  An  analysis  has  been  developed  for  the  various  plasmas  modes 
in  an  ion  chamber  of  this  type.  A  measurement  of  ion  density  os  well  as  source  rate 
appears  feasible  from  the  analysis.  Several  development  problems  have  been  solved  In 
the  fabrication  of  tubes  for  inpile  experiments.  Four  tubes  hove  been  completed  and 
filled  to  21,  61  and  220  Torr  of  neon:argon  (1000:1)  end  one  tube  was  processed  as  a 
vacuum  tube.  The  inpile  operation  of  these  tubes  has  been  delayed  pending  an  AEC 
approvol  of  an  amendment  to  the  University  of  Michigan  operating  license. 

B.  Pulsed  Noble  Gas  Plosmo  Diode  Experiments 

Electrically  generated  plasmas  are  used  as  a  diagnostic  tool  for  investigating 
the  controlling  ion  loss  mechanism  under  given  gas  conditions.  Studies  of  a  pulsed 
discharge  plasma  are  to  be  related  to  inpile  ion  chamber  measurements.  This  might 
allow  more  detailed  studies  of  plasma  parameters  to  be  made  in  the  laboratory  on  a 
variable  pressure  tube  rather  than  inpile  at  fixed  tube  pressure.  These  data  are  also 
of  interest  in  correlating  with  sheath  theory  developed  for  the  noble  gas  plasma  diode. 
Two  variable  pressure  diodes  have  been  fabricated  and  circuits  developed  for  these 
pulsed  studies. 

Pulsed  discharge  data  have  been  taken  in  xenon  at  0.25,  2,  20  and  100  Torr. 

At  the  high  pressures,  ion  number  densities  of  lOl  1  to  10^^  (.m"3  are  observed  and  the 
rate  of  plasma  decay  is  indicated  to  be  controlled  by  recombination  initially,  and dif¬ 
fusion  at  the  end  of  the  decay  period.  The  data  in  the  recombination  regime  were 
correlated  with  the  dissociative  recombination  coefficient  for  xenon.  Plasma  lifetime 
increases  up  to  20  Torr  and  decreases  at  100  Torr  indicating  that  an  optimum  plasma 
density  exists  between  these  two  pressure  limits. 


3. 

4. 

5. 
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C.  Electron  Mobility  in  Gases 

In  the  investigation  of  a  mobility  limited  space  charge  theory,  it  became  evident 
that  literature  does  not  contain  all  the  electron  mobility  data  of  interest  for  the  noble 
gases.  A  method  has  been  developed  for  converting  collision  probability  data,  which 
are  available  in  certain  cases.  Into  mobility. 

The  analysis  is  given  for  converting  collision  probability  versus  voltage  data  to  a 
drift  velocity  versus  E/p^.  Computations  for  E/p^  >  volt  cm'^  Torr'l  show  good 
agreernent  with  recent  data  of  drift  velocuty  for  helium  and  neon  whereas  poor  agreement 
IS  exhibited  for  argon,  krypton  and  xenon.  For  small  values  of  E/po  the  lack  of  collision 
probability  data  precludes  making  direct  comparisons  to  drift  velocity  data. 

D.  Spectroscopic  Measurements  in  a  Cesium  Low  Voltage  Arc  Converter 


The  cesium  plasma  spectroscopy  techniques  previously  developed  have  been 
employed  in  plasma  studies  of  a  cesium  low  voltage  arc  converter.  The  unique  feature 
of  the  low  voltage  arc  converter  is  that  emitter  temperatures  below  that  normally  required 
for  sustained  cesium  ion  generation  by  surface  ionization  can  be  used.  Impact  ionization 
due  to  electron  acceleration  at  a  positive  emitter  sheath  is  possible.  Electron  tempera¬ 
ture  data  taken  in  a  low  voltage  arc  converter  substantiate  this  since  an  electron  tempera¬ 
ture  of  2700*K  has  been  observed  for  on  emitter  temperature  of  1400*K  for  a  diode  oper¬ 
ated  as  a  converter  .  This  high  electron  temperature  is  olso  measured  in  the  accelerating 

voltage  regime  indicating  the  relative  constancy  of  the  emitter  sheath  potential  once  the 
arc  is  initiated. 

E*  Uranium  Carbide -Rhenium  Cermet  Emitter 

Data  have  been  previously  publishedt''"^^  on  the  metallurgical  development  of  a 
uranium  carbide-rhenium  emitter.  A  summary  of  this  work  is  given  here.  More  recent 
thermionic  emission  data  are  given  for  this  emitter  under  rather  low  'high  field'  condi¬ 
tions.  Using  on  extrapolation  technique  as  employed  previously  with  UC-Nb,(0  the 
saturated^emission  current  is  in  the  range  of  UC-Nb  emission .  Current  densities  of  order 
amps/cm  from  this  emitter  require  temperatures  greater  than  2000®K . 

Other  Results 

An  analysis  has  been  made  of  the  electronic  efficiency  of  a  noble  gas  plasma 
dbde  converter.  The  electronic  efficiency  includes  all  terms  except  thermal  losses. 

The  calculations  were  made  using  the  computer  developed  voltage  current  characteristic 
for  the  noble  gas  diode  sheath  theory.  This  work  will  be  extended  and  reported  when 
additional  noble  gas  plasma  data  become  available  for  inclusion  in  the  calculations. 

An  auxiliary  dc  discharge  tube  with  a  grid  collector  was  operated  in  xenon  at 
variable  pressure.  The  objective  was  to  study  the  voltage  current  characteristic  of  a 
Gabor  mode  triode  to  correlate  with  sheath  theory  results.  The  results  from  this  tube 
were  inconclusive  and  ore  not  reported  here. 
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Conclusions 

A  new  method  has  been  developed  for  obtaining  inpile  data  on  ion  density  caused 
by  fission  fragment  ionization  of  a  noble  gas.  This  method  uses  tubes  of  an  ion  chamber 
type  design  in  which  electrode  surfaces  are  cold.  Analysis  shows  that  Ion  density  and  ion 
generation  rate  con  be  measured  from  this  type  of  tube.  Measurements  are  to  be  mode  as 
a  function  of  pressure  using  a  series  of  identical  tubes  filled  to  various  gas  pressures.  This 
method  should  provide  the  data  necessary  to  determine  a)  which  gas  (xenon  or  neon:argon) 
and  gas  pressure  provides  the  highest  ion  density  for  a  clean  tube  condition  and  b)  whether 
diffusion  or  volume  recombination  Is  the  domlnont  Ion  loss  mechanism. 

Observations  on  the  decoy  characteristic  of  a  xenon  plasma  created  by  pulse  dis¬ 
charge  techniques  indif.ate  a  maximum  ion  density  in  the  range  20  to  100  Torr.  This  is 
a  pressure  region  considerobly  higher  than  used  in  previous  inpile  tubes.  The  techniques 
for  obtaining  pulsed  data  have  been  developed  and  ore  being  used  to  accumulote  addi¬ 
tional  data  for  comparison  to  inpile  studies  and  for  sheoth  theory  analysis. 

Future  Plans 


Experiments  will  be  continued  inpile  to  measure  Ion  number  density  generated  by 
fission  fragments  as  a  function  of  gas  pressure  and  neutron  flux .  Diodes  (ion  chambers) 
with  uranium  coated  electrodes  and  negligible  thermionic  emission  (operating  at  low  tem¬ 
perature)  and  planar  guard  ring  geometry  will  be  used.  Several  identical  Ion  chambers 
will  be  filled  to  varying  gas  pressures  of  neonrorgon  (1000:1)  ond  xenon. 

Studies  will  be  continued  on  the  pulsed  dischorge  of  noble  gases  in  order  to  guide 
and  complement  the  inpile  noble  gas  fission  fragment  Ionization  studies.  From  the  time 
rate  of  decay  of  the  ion  density,  the  controlling  decoy  mechanism  (diffusion  or  volume 
recombination)  will  be  determined  as  a  function  of  (1)  type  of  gas,  (2)  gas  pressure, 

(3)  diode  spacing,  and  (4)  ion  number  density. 

An  anomalous  low  voltage  arc  discovered^^^  in  the  operation  of  a  noble  gas  diode 
inpile  with  a  uranium  bearing  emitter  and  borium  coated  collector  will  be  studied  by 
operating  a  noble  gas  diode  inpile  with  a  uranium  bearing  emitter  and  a  bare  collector 
in  order  to  determine  whether  the  arc  characteristic  observed  was  due  to  the  presence  of 
barium  vapor  from  the  collector  or  fir*’k;n  product  vapor  from  the  emitter. 

Theoretical  studies  of  the  plasma  physics  of  thermionic  conversion  in  noble  gas 
diodes  will  be  continued. 
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INPILE  ION  CHAMBER  EXPERIMENT  - 
THEORY  AND  TUBE  DESIGN 

F.  E.  Jamcrson,  C.  B.  Leffert  and  R.  F.  Hill 
ABSTRACT 

A  theory  is  presented  for  the  measurement  of  ion  density  and  ion  generation  rate  from  a  cold 
fissioning  source  in  a  noble  gas.  The  design  and  fabrication  details  of  a  tube  to  be  used  for 
inpile  experiments  is  given. 
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I  INTRODUCTION 

The  inpile  experiments  on  the  ionization  of  a  noble  gas  by  fission  fragments  have  previously 
used  hot  emitters  in  diodes  operated  at  a  fixed  gos  pressure .  Plasma  generation  and  subsequent 
increased  electron  carrying  capability  of  the  diode  has  been  demonstrated.^^^  Ion  number 
density  has  been  inferred  from  the  forward  saturated  current  and  from  the  reverse  saturated 
current  when  collector  electron  emission  is  sufficiently  low.  The  ion  density  is  related  to 
electron  current  density  J  by  n/10^2  j  jj  jp  gp,p  cm"^  and  n  in  cm"^.  An  ion 
density  measurement  thus  determines  what  electron  current  carrying  capability  is  available 
in  a  gas  ionized  by  fission  fragments.  An  experiment  has  been  designed  to  measure  ion  den¬ 
sity  and  ion  generation  rate .  The  measurement  of  the  plasma  density  under  minimum  contam¬ 
ination  of  the  gas  and  as  a  function  of  gas  pressure  and  type  was  desired.  This  experiment 
uses  an  ion  chamber  type  tube  in  which  the  uranium  coated  electrodes  are  cold,  thus  elimin- 
t-ting  thermionic  electron  contribution  to  the  current. 

The  spatial  potential  distribution  between  two  cold  electrodes  immersed  in  a  plasma  is  a 
function  of  plasma  density.  Analyses  are  presented  for  several  plasma  density  n)odes.  For 
the  expected  predominant  mode,  that  of  high  plasma  density,  a  voltage  current  characteristic 
is  derived  along  with  a  method  of  obtoining  electron  temperature.  The  ion  source  rate  can 
also  be  determined  by  operating  the  ion  chamber  in  a  low  ion  density  mode. 

A  number  of  considerations  in  the  design  and  fabrication  of  the  tube  for  making  these  meas¬ 
urements  is  given.  Several  development  problems  had  to  be  solved  and  one  of  the  most 
important,  the  uranium  foil  coating  problem,  is  discussed  in  detail. 

II  THEORY 

The  details  of  the  ionization  process  by  fission  fragment  penetration  of  a  noble  gas  has  been 
discussed  previously  .(^)  It  is  assumed  that  the  gas  is  ionized  uniformly  between  two  cold 
electrodes  (fragment  range  is  greater  than  interelectrode  gap).  The  voltage  current  charac¬ 
teristic  is  dependent  on  the  plasma  density  and  the  maximum  saturated  ion  current  is  a  meas¬ 
ure  of  plasma  density.  The  analysis  for  the  high  plasma  density  condition  is  discussed  first. 

The  intermediate  and  low  plasma  density  cases  are  also  discussed  and  the  pressure  dependence 
of  the  ion  current  is  shown  to  give  information  on  the  predominant  ion  loss  mechanism. 

A.  High  Plasma  Density 

The  analysis  and  notation  will  closely  follow  that  of  a  previously  developed  plasma  sheath 
theory. The  following  assumptions  are  made: 

(1)  The  electrodes  are  sufficiently  cold  so  that  thermionic  emission  is  negligible. 

(2)  The  interelectrode  plasma  is  neutral  and  spatially  uniform. 

(3)  The  plasma  resistivity  is  negligible. 

(4)  The  work  functions  of  the  electrode  surfaces  are  the  same. 

(5)  A  uniform  ion  temperature  (T2'*’=  T]^  =  T^)  and  a  uniform  electron  temperature 
(T2  =  T]"  =  T~)  is  assumed  in  the  interelectrode  plasma  although  T'*’  may  not 
equal  T"  (Tis  used  in  units  of  volts). 

(6)  Parallel  plane  geometry  is  assumed  with  equal  electrode  areas. 

(7)  The  ion  source  strength  and  electron  source  strength  are  equal . 


Eltctrods  2 


Electrode  1 


h-j* 


Figure  1  -  Motive  diagram  for  high  plasma  density. 

The  motive  diagram  for  operation  with  negligible  thermionic  emission  is  presented  in  Figure  1 . 
Random  ion  and  electron  current  densities  (J'*'  and  J")  incident  on  the  sheaths  are  assumed  to 
be  the  same  at  both  electrodes.  It  can  be  shown  (since  J  ^  ^  that  the  net  currents 
through  the  sheaths  are  equal  (L]  =  I2)  ottly  for  the  case  where  plasma  potential  Is  higher  than 
either  electrode  potential  (V^  <  0,  V2  <  0)* 

The  basic  equations  are  as  follows: 


Voltage  Balance, 


V  =  V2  -  V,; 


Net  Current  Balance  using  assumption  (6) 


1=  I)  =  I,  =  i’A]  -  J'A,  e 


Ion  Balance, 


S  =  (J+Ai  +/A2)  U'^q-’  +IDCN^  ^  ^  ' 


Electron  Balance, 


S  =  (j-A,e  +  J'A„e  y-lq"!  +0(n2  + 


(4) 
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I  is  measured  positive  for  electron  flow  from  A]  to  A2  ond  the  symbols  ore  defined  os 
follows: 


and  J~ 
Ll  andl2 
V]  and  V2 
A]  and  A2 


S 

U 

d 

N 

Da 

A 


a 


q 


Combining  equations 


=  Ion  and  electron  random  current  density  (amps  cm *2) 

—  net  current  at  electrodes  1  and  2  (amps) 

=  sheath  potentials  at  electrodes  1  and  2  (volts) 

=  electrode  areas  (cm^ 

^  —1 

=  ion  or  electron  source  strength  (cm"**  sec"') 

=  interelectrode  volume  (cm"^) 

=  interelectrode  spocing  (cm) 

-3 

=  ion  or  electron  density  (cm'*') 

=  ambipolar  diffusion  coefficient  (cm^  sec  ^) 

=  diffusion  length  (cm) 

=  recombination  coefficient  (cm^  sec"^) 

-  electronic  charge 

(1)  and  (2)  and  solving  for  net  current  gives: 


1  = 


=  J^A2 


I  -  e-V/^~ 
^A2/a,)  +e-VA- 


(5) 


In  the  limit  as  V^oo,  1  approaches  a  saturated  current  level,  ]^, 


(6) 


which  is  equal  to  the  random  Ion  current  into  electrode  1 .  Thus  equation  (5)  can  be  written 
in  terms  of  this  measurable  saturated  current,  Ij 


1=1. 


1  -  e 


-V/T 


I  +  A, 7^2  e-VA- 

In  terms  of  saturated  current  equations  (3)  and  (4)  reduce  to: 


];  =  j+A= 


A| 


A]+A2 


SqU-qUCXN^- 

A 


(7) 


(8) 
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which  shows  that  In  the  limit  os  V  — >oothe  saturated  current,  measures  the  difference 
between  the  ion  source  ond  loss  terms.  For  parallel  plane  geometry  (A2—  A])  and  one  half 
of  the  ions  flow  to  each  electrode. 


Since  /=  where  N'*'  is  ion  density  ond  overoge  ion  velocity  v+  -  100^^- 


equotion  (6)  con  be  rewritten: 


(9) 


This  expression  provides  o  meons  of  computing  the  ion  number  density  from  the  measured 
saturated  current,  the  ion  collector  area  and  the  ion  temperature.  An  estimate  of  the  ion 
temperature,  T*",  is  needed  which  for  the  gos  pressures  considered  here  con  be  taken  the 
same  os  gos  temperature  which  will  be  close  to  electrode  temperature  and  con  be  monitored. 

A  measure  of  the  electron  temperature,  T“,  con  be  obtained  from  the  theory  and  the 
experimental  V-l  curve .  For  equal  electrode  areas  equation  (7)  becomes 

I=l,tor.h|^|  (10) 


Differentiating  with  respect  to  V  yields  the  electron  temperature,  T".  Thus  from  the  slope 
of  the  V-l  curve  at  V  =  0. 


An  estimate  of  sheath  potential  V,  can  be  made  when  drawing  saturated  current  from  (2) 
by  taking  I  =  J'''A] .  For  equal  electrode  areas  this  results  in: 


-T'  In 


1  /  M  jr 

2  V  m  T+ 


(12) 


Por  T”=  T‘*'=  0.1  ev  and  neon  this  yields  -0.43  volts  for  ^2'  ^ 

positive,  V2  remains  fixed  and  V]  follows  the  increase  in  V. 


It  is  expected  that  secondary  ionization,  by  electron  impact,  would  not  be  important 
until  some  potential  beyond  the  first  ionization  potential  of  the  gas  would  be  reached.  The 
voltage-current  characteristic  is  expected  to  follow  the  shape  shown  in  Figure  2  with  equal 
area  electrodes. 


Figure  2  -  Expected  shope  of  V-l  curve. 

B.  Intermediote  Plasma  Density 

Figure  3  depicts  a  potential  diagram  for  the  case  of  intermediote  plasma  density  where  the 
sheath  thickness  is  not  small  compared  to  the  interelectrode  spacing  d. 
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In  the  sheath  at  electrode  J,  the  potential  is  derived  using  Poisson's  equation.  Since  this 
sheath  potential  is  retarding  for  electrons,  the  problem  con  be  simplified  by  neglecting  the 
electron  number  density  in  this  equation. 


dx  •  7" 
^  0 


N* 


(13) 


The  current  in  electrode  1  sheath  is  token  os  ion  current  only  and  is  given  as  a  function  of 
position  X  from  the  plasma~sheath  boundary: 


Jl  =  /  +  Sqx  =  N'^  q  (14) 

where  //  s  ion  mobility  (cm2  jec"l  volt  "^)  and  E  =  field  (volts  cm"V  CombWn^  (13)  and 
(14)  and  integrating  with  the  boundary  condition  of  E  -  0  at  x  =  0  and  J  =r+  Sqjx^  fields: 


V 


S 


■+ 


where 


(l+2i3)-ln 


Sqx, 

2(J-Sqx,) 


(15) 


The  voltage  current  characteristic  makes  use  of  V  =  V,  -  V,  where  Vj  is  given  by  (12).  To 
calculate  a  characteristic  the  quantities  S  and  x,  can  be  estimated  and  V,  computed  for  o 

range  of  J.  Parametric  fitting  to  on  experimental  curve  should  yield  source  strength  and 
sheath  distance  x, . 


When  X,  extends  across  the  complete  interelectrode  space  D  »]  since  J  =  Sqxi  and  (15) 
reduces  to  '  t  i  \  / 


C-  Space  Charge  Limited  Plasma  Density 


Figure  4  shows  the  potential  diagram  for  the  case  where  the  field  is  not  constant  in  the 
interelectrode  gap  and  in  particular  goes  to  zero  at  electrode  2. 
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J"=  Sq  (d  -x)=:  N"q  /i’E 


(17) 


/=  Sqx«  N^q/i+E 


(18) 


P=  (N^-N-)q 


(19) 


dE 


Using  (17),  (18)  and  (19)  with  Poisson's  equation  .ili.  =  P/f  yields: 

dx  o 


2  VT77F 


(20) 


This  agrees  with  (16)  which  was  obtair>ed  in  the  limit  of  x^  equal  to  d  corresponding  to  the 
space  charge  problem  of  this  section.  From  (18)  in  the  limit  J  =  Sqd  so  that  (20)  can  be 
written: 


(21) 


D.  Pressure  Dependence  of  Ion  Current 

The  previous  analyses  have  given  the  results  of  the  theoretical  voltage  current  characteristics 
to  be  observed  under  given  plasma  density  conditions.  For  the  high  plasma  density  cose, 
additional  information  can  be  obtained  from  the  pressure  dependence  of  the  saturoted  ion 
current . 


For  equal  area  electrodes,  and  since  U/A  =  d  then  from  (3): 

S=^+a  N^+  -2ll  N 

qd  /^2 

_  + 

Since  -  “4“=  ^  ^  where  N  =  ion  or  electron  density,  including  the  pressure 
dependence  or sach  of  the  terms  in  (22),  it  can  be  rewritten: 


(22) 


Sp 


qd 


pa  pj 


+  J 


C(2+CX3P 
- IT” 


(23) 


where  the  recombination  coefficient  is  given  as  the  two  body  ((^^2)  three  body  (Ofj) 
recombination  terms. 

At  low  pressure  the  terms  linear  in  J"*”  are  controlling. 

j+  ^  Sp^ 

2p/d  +  Da/o 


(24) 
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ot  high  pressure  the  term  is  controlling. 

_  q^Sp 

0(2'‘'C(3P 


^us  the  saturoted  ion  current  for  the  high  plasma  density  regime  will  follow  a  pressure 
depen*nce  similor  to  Figure  5  where  loss  by  diffusion  is  controlling  at  low  pressure  and 
recombination  is  controlling  at  high  pressure. 


Figure  5  -  Pressure  dependence  of  saturated  ion  current. 
E.  Ion  Generation  Rate 


An  important  quantity  to  be  measured  is  the  Ion  generation  rate  since  it  can  be  compared  to 
earlier  calculations  of  ion  generation  by  fission  fragments  in  noble  gases. This  quantity 
con  be  deduced  from  experimental  data  taken  at  low  number  densities,  i.e.,  low  power 

level  or  low  neutron  flux  on  the  fissioning  source.  In  this  case  no  sheaths  are  formed  and 
all  the  ions  are  swept  out  by  the  field. 

An  e^ijate  of  expected  currents  can  be  made  by  using  Poisson's  equation  and  approximat¬ 
ing  V  V  by  2V/d^  which  gives  the  maximum  number  density  that  will  be  supported  by  a 
potential  V.  rr  / 


An  ion  chamber  spacing  of  3  mm  is  to  be  used  and  for  15  volts  across  the  tube  (below  second¬ 
ary  ionization  effects  in  argon)  the  computation  using  (26)  gives  N  =  1 .8  x  lO^  ions  cm “3. 

A  current  density  can  be  computed  from  J+=  Nq  using  =  3.5  cm2  volfl  sec-l 
(for  A  in  Ne)  and  E  =  V/d.  For  a  pressure  of  20  Torr  ( 3.5  the  current  density 

is  computed  to  be  2  X  10"  amps  cm "2.  Since  collector  area  is  5^2  this  corresponds  to 
a  current  of  1  /i  a. 


10 


1 


The  ion  source  rote  is  given  by 


(27) 


A  J  of  2  X  lO'  corresponds  to  on  ion  generation  rote  of  4  x  ions  cm“3  ,ec"'  and 
on  ion  density  in  the  order  of  lO®  cm"®.  A  density  of  order  iO'O  cm"®  has  been  measured 
at  maximum  neutron  flux  inpile  so  that  from  the  above  estimates  the  ion  source  rate  may  be 
measured  at  lO"^  of  the  maximum  flux. 

Ill  TUBE  DESIGN  AND  FABRICATION 

The  following  criteria  were  set  for  the  design  of  the  tube  for  measuring  ion  density  and  ion 
generation  rate. 

1 .  Collector  area  should  be  large  enough  to  give  measurable  ion  currents. 

2.  Guard  rings  should  be  provided  to  eliminate  the  effect  of  fringing  fields. 

3.  Uranium-235  should  be  applied  to  collector  surfaces  uniformly  so  as  to 
produce  equal  and  uniform  work  functions. 

4.  Uranium  thickness  and  radiant  heat  transfer  area  should  be  adjusted  to 
produce  a  maximum  temperature  below  that  required  for  negligible 
thermionic  emission. 

5.  Thermocouples  should  be  provided  on  the  electrode  surfaces. 

A.  Electrodes 

I .  Geometry 

Col  lector  area  requirements  were  determined  by  available  tube  diameter  and  current 
measuring  capability.  A  2  inch  diameter  glass  tube  envelope  wos  selected  which  pro¬ 
vides  s^ce  for  a  collector  of  Hnch  diameter  with  a  guard  ring  of  1-1/2  inch  diameter. 
For  an  ion  density  of  lO  cm  a  current  of  1 .85  x  lO"^  amps  would  be  collected  for 
this  size  electrode  (area  of  5  cm^).  This  is  considerably  above  the  circuit  leakage  cur¬ 
rent  of  lO  amps*  so  the  collector  area  of  5  cm^  was  considered  adequate.  The  elec¬ 
trode  gap  of  3  mm  is  comparable  to  previous  inpile  and  laboratory  tubes  to  which  subse¬ 
quent  inpile  data  will  be  compared. 

The  melting  point  of  uranium  is  ll33®C  and  at  1300®C  the  vapor  pressure  is  lO'^  mm  Hg. 
The  upper  limit  on  the  temperature  as  set  by  the  thermionic  emission  is  obtained  from 
Richardson's  equation 

I  =  JA  =  A  120  t7  exp  {-jS/l)  (28) 

If  the  maximum  allowable  electron  emission  is  set  to  I  x  10"^  amp  (10  times  circuit 
leakage)  and  0  for  uranium  is  taken  to  be  3  ev,  then  T^^^  =  1050®K  =  777®C  for 


As  measured  for  a  dc  measuring  circuit  using  dc  meters,  battery  power  supply  and  a 
shielded  cabinet  for  circuit  components. 
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2.  Materials 


To  satisfy  the  criterion  thot  the  work  function  be  uniform  over  the  surface,  the  uranium 
should  completely  cover  the  inner  electrode  surfaces.  To  derive  full  benefit  from  the 
fission  fragments  the  minimum  thickness  should  be  at  least  the  range  of  the  fission  frog- 
ments  in  uronium  which  is  6.7  X  10“^  cm. 

Zirconium  was  selected  as  the  base  material  for  the  electrodes  for  the  following  reasons. 
Zirconium  has  a  melting  temperature  of  1852*C  which  is  well  above  the  1133*C  melting 
temperature  of  uronium  and  thus  should  remoin  integral  during  the  uranium  bonding 
process.  Also  zirconium  is  machinable,  hos  reasonable  strength,  and  has  a  low  neutron 
cross  section. 

The  enriched  uranium  was  available  from  Battel  le  Memoriol  Institute  in  the  form  of 
3.8  X  10“3  cm  thick  foil .  Attempts  were  made  to  reduce  the  foil  thickness  to  1  x  10" 
cm  but  after  several  passes  through  the  rolling  mill  and  successive  anneals  the  foil  was 
only  reduced  to  1 .9  x  10"^  cm.  It  was  decided  at  this  point  that  the  excess  uranium 
could  be  removed  easier  and  foster  by  an  acid  wash  and  polish  than  by  continuing  the 
rolling  operation. 

3.  Uranium  Bonding  Technique 

The  initial  bonding  tests  involved  the  melting  of  the  uranium  foil  directly  onto  the  zir¬ 
conium  electrodes.  The  results  of  this  procedure  were  very  unsatisfoctory.  During  the 
melting  process,  the  uranium  foil  would  not  melt  uniformly  across  the  surface  of  the 
electrode  but  rather  would  start  melting  at  specific  points.  Once  this  took  place  the 
remaining  uranium  foil  would  melt  and  flow  to  the  initial  melting  points  thus  causing 
the  uranium  to  "bead  up"  at  various  points  on  the  surface  of  the  zirconium.  This  pro¬ 
duced  patchy  areas  on  the  surface  of  the  electrodes. 

Various  other  tests  were  also  conducted  which  involved  the  addition  of  nickel  and 
tantalum  foils  to  the  brazing  process.  Finally  a  process  was  developed  whereby  a 
relatively  uniform  layer  of  uranium  was  obtained  on  the  surface  of  the  electrodes. 

This  process  involved  the  formation  of  a  nickel -uranium  alloy  that  contained  19.5  a/o 
Ni  bonded  to  a  1 .27  x  10"^  cm  tantalum  foil.  From  the  phase  diagram  of  the  nickel- 
uranium  system  (3)  as  shown  in  Figure  6  it  can  be  seen  that  the  19.5  a/o  Ni  -  80.5 
a/o  U  alloy  has  a  rr  itirg  point  below  that  of  pure  uranium. 


I 


12 


f^iCKgi  ^  /irpmt 

Figure  6  •  Constitution  diogroro  of  the  Nl-U  system. 

This  alloy  was  obtained  by  melting  together  a  2.5  x  10'^  cm  nickel  foil  with  the  1 .9  x  10"3  cm 
uranium  foil  onto  the  surface  of  a  1 .27  x  10"2  cm  tantalum  foil.  The  tantalum  foil  was  then  joined 
to  the  zirconium  electrode  by  rrieans  of  o  nickel  foil  braze.  The  phase  diagram  of  the  nickel- 
zirconium  system'^'  is  shown  in  Figure  7. 


Figure  7  -  Constitution  diagram  of  the  Ni-Zr  system. 
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A  photograph  of  a  completed  electrode  is  shown  in  Figure  8.  A  photomicrograph  showing 
the  uranium-tantalum-zirconium  bonds  is  shown  in  Figure  9. 


Figure  8  -  Zirconium  electrode  with  a  1.4  x  10"3  cm  thick  uranium, 
surface . 


U-Ni  alloy 


Figure  9  -  Photomicrograph  of  the  U-Ta-Zr  braze.  150X 

From  the  photomicrograph  shown  in  Figure  9  it  can  be  seen  that  the  IJ-Ni  alloy  wetted  the 
tantalum  satisfactorily.  Neither  the  uranium  nor  the  nickel  appeared  to  alloy  with  the 
tantalum.  The  reaction  zone  at  the  nickel -zirconium  Interface  can  also  be  seen.  The 
uranium  foil  thickness  after  the  acid  wash  was  approximately  1 .6  x  10"^  cm  thick.  Subse¬ 
quent  polishing  after  making  the  U'Ta-Zr  braze  is  estimated  to  yield  an  equivalent  uranium 
thickness  of  1 .4  x  10“^  cm . 
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Uronium  Brazing  Procedure 


The  broiing  process  was  done  in  on  IS  Inch  bell  jor  vacuum  system.  The  heol  was 
supplied  by  o  15  kw  450  kc  fre<iuency  Induction  hooter.  The  various  steps  In  the 
brazing  process  were  as  follows: 

1 .  The  zirconium,  nickel  and  tantalum  components  were  cleaned  in  an  ultra 
sonic  cleoner  through  the  following  three  solutions  in  the  order  given. 

a)  trichloroethylene 

b)  acetone 

c)  methyl  alcohol  (2  chonges) 

The  zirconium  components  were  then  vacuum  fired  4  x  10"^  Torr) 
at  12C)0*C  for  30  minutes.  The  tantalum  was  vacuum  fired  ('^4  x  10“5 
Torr  )  at  1500*C  for  15  minutes.  The  uranium  foil  pieces  were  cleaned  in 
dilute  nitric  acid  (50  v/o  HNO3  "  50  v/o  H2O)  followed  by  a  water  rinse 
and  a  methyl  alcohol  rinse  in  the  ultrasonic  cleaner.  Since  the  uranium 
foil  oxidizes  very  rapidly,  it  was  cleaned  just  prior  to  using. 


2. 


The  tantalum,  nickel  and  uranium  foils  were  sandwiched  together  in  that 
arder  and  then  spot  welded  together.  This  sandwich  arrangement  was  then 
placed  over  a  RF  “pancoke''  coil  and  heated  to  approximately  I000»C  under 
a  vacuum.  This  caused  the  nickel  and  uranium  to  alloy  and  flow  over  the 
surface  of  the  tantalum  foil. 


3.  The  tantalum  foil,  with  the  nickel -uranium  surface  exposed,  was  then  spot 
welded  to  the  zirconium  electrode  structure.  A  piece  of  2.5  x  10"^  cm 
nickel  foil  was  placed  between  the  tantalum  and  zirconium  pieces  prior  to 
the  spot  welding.  This  structure  was  then  heated  in  the  vacuum  system  to 
approximately  965“C.  Under  these  conditions  the  nickel  alloyed  with  the 
zirconium  thus  forrr.irg  a  braze  between  the  tantalum  and  zirconium  compo¬ 
nents. 


This  brazing  process  which  Involved  the  formation  of  nickel -uranium  and  nickel - 
zirconium  alloys  around  1 .27  x  10’2  cm  tantalum  foil  layer  resulted  in  a  satisfactory 
method  for  bonding  the  enriched  uranium  foils  to  the  zirconium  electrodes. 

5.  Temperature  Calculations 


Initial  beat  generation  and  loss  colculations  indicated  that  the  foil  thickness  required 
to  provide  o  temperoture  of  727-C  was  9.4  x  lO'-l  cm.  These  calculations  were  made 
under  the  following  assumptions: 

1  ■  Nuclear  heat  is  lost  only  by  radiation. 

2.  Assume  heat  radiating  area  -  2  x  heat  generation  area. 

3.  Emissivity  of  electrodes  is  0.2  radiating  to  a  black  body. 

4.  Neutron  absorption  of  tantalum  and  self  absorption  of  uranium  is  included. 

The  final  foil  configuration  consisted  of  a  14.3  x  lO'^  cm  thickness  of  uranium  on  a 
12.7  x  10  cm  foil  of  tantalum.  The  calculation  of  the  final  electrode  temperature 
using  the  previous  assumptions  follows. 
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The  power  density  generated  for  o  neutron  flux  incident  on  one  side  of  o  fissioning 
source  includirra  self  absorption  and  attenuation  and  for  the  parallei  plote  geometry 
considered  is:V^ 


— < _ (lil  4 

.1 X  lo'o  I  Lt  M 


watts/cm 
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where  f  =  fraction  of  neutrons  entering  the  uranium  foil  that  are  absorbed;  and  Z  ^ 
are  fission  ond  total  absorption  cross  sections  for  uranium;  F  =  neutron  flux=5  x  10^2 
n  sec  ^  cm*^;  J^^d  =  absorption  coefficient  x  absorber  thickness.  For  the  above 
uranium  foil  thickness  f  =  0.0615.  The  calculation  was  made  for  the  geometry  indi¬ 
cated  in  Figure  10. 


Figure  10  -  Schematic  for  fission  power  calculotion. 
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For  the  flux  incident  from  A,  a  power  density  of  2,73  watts  cm  ^  is  calculated  while 
2.57  watts  cm“^  is  calculated  from  B  for  a  total  of  5.3  watts/cm^.  The  electrode 
radiating  area  was  designed  to  be  twice  the  collector  area  so  that  an  effective  2.65 
watts/cm^  needs  to  be  dissipated.  For  an  electrode  emissivity  of  0.2  radiating  to  a 
black  body,  this  power  density  corresponds  to  on  electrode  temperature  of  1230*K. 

This  value  is  180*K  higher  than  originally  considered  acceptable.  However,  this 
calculated  value  is  an  upper  limit  since  heat  conduction  through  electrode  supports 
and  the  noble  gas  filling  will  reduce  this  temperature. 

B.  Tube  Details 

Figure  11  illustrates  the  final  tube  structure,  glass  envelope  and  containment  can  details. 

The  electrodes  are  assembled  as  a  unit  on  three  sapphire  rods  and  mounted  to  a  9  pin  Corn¬ 
ing  1720  aluminosilicate  glass  press.  The  electrodes  are  reactor  grade  zirconium  with  the 
uranium-tantalum  foil  combination  bonded  to  the  planar  surfaces.  Thermocouples  of  Ni-Mo 
are  spot  welded  to  each  af  the  three  electrodes.  The  cold  junction  of  these  thermocouples 
is  at  the  glass  press.  This  is  monitored  by  a  Kulgrid-Constantan  thermocouple  where  the 
Kulgrid  lead  to  a  molybdenum  feed  through  wire  is  used  as  one  leg  of  this  thermocouple.  A' 
calibration  of  this  cold  junction  thermocouple  has  been  made  so  that  the  electrode  thermo¬ 
couples  can  be  appropriately  corrected  for  this  cold  junction.  (^) 


1 


17 


The  containment  can  is  an  all  helidrc  welded  aluminum  assembly  with  a  ceramic-metal  feed 
through  soldered  to  the  aluminum  flange.  The  flange  was  copper  plated  to  provide  a  good 
soldering  surface.  The  containrient  can  is  heliarc  welded  to  a  4  foot  section  of  aluminum 
tubing  which  is  connected  to  the  20  foot  support  tube  by  a  gasketed  flange  (located  2  feet 
above  the  core  and  water  shielded).  This  support  tube  carries  all  the  electrical  wiring  and 
is  pressurized  with  nitrogen  gas  to  prevent  woter  leakage. 


C.  Fabrication 


Steps  in  the  fobrication  and  processing  of  these  Ion  chamber  tubes  (G12x-R)  are  seen  in 
Figure  12.  The  final  glass  seal  was  made  with  open  tabulation  at  both  ends  of  the  tube 
and  dry  argon  flowing  during  the  sealing  operation.  The  tube  was  then  aimealed  at  715*C 
within  a  susceptor  heated  by  induction  heoting  in  a  bell  jor  system  at  10  Torr.  Subse¬ 
quently  a  series  of  four  annealed  tubes  were  attached  to  an  ultra  high  vacuum  station. 


One  tube  was  processed  by  usual  means  as  a  vacuum  tube.  The  remaining  tubes  and  mani¬ 
fold  volume  had  been  previously  colibroted  by  a  'Wet  Test  Meter* .  A  bakeable  valve 
between  the  gas  flask  and  one  between  the  manifold  and  diffusion  pump  isolated  the  system 
for  gas  fillir>g.  A  one  liter,  one  atmosphere  flask  of  Airco  reagent  grade  neon:argon 
(1000:1)  was  opened  and  expanded  into  the  tubes  and  manifold.  Isolating  the  gas  flask  at 
its  new  pressure  and  pumping  out  the  manifold  and  tubes  allowed  for  repeated  gas  expan¬ 
sions  while  still  maintaining  good  'vacuum*  conditions  in  the  system.  After  expansion  to 
a  selected  pressure,  one  tube  was  sealed  off  and  additional  expansions  continued  until  a 
lower  desired  pressure  was  reached  and  another  tube  sealed  off.  In  this  way  final  tube 
pressures  of  21,  61  and  220  Torr  were  achieved. 


A  ceramic-metal  connector  is  mounted  to  the  tube  leads  whic  i  is  used  to  connect  to  the 
feed  through  of  the  containment  can  as  seen  in  Figure  13.  The  inside  of  the  containment 
can  was  darkened  by  evaporating  a  layer  of  titonium  in  order  to  insure  a  high  thermal  emis- 
sivity.  Final  heliarc  welding  of  the  can  is  done  in  a  helium  atmosphere.  The  can  is  sub¬ 
sequently  placed  In  a  vacuum  system  and  the  system  tested  for  helium  which  might  arise  from 
a  bad  seal .  This  assures  seal  Integrity  and  double  containment  of  the  uranium. 
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Figure  12  -  Fabrication  of  G1 2x-R  tubes . 


FABRICATION  OF  GUSS  PRESS 


Figure  13  -  Complefed  G12x  -R  fube  with  special  bose. 


SECTION  B  (1) 


A  SYSTEM  FOR  THE  STUDY  OF  PULSED 
DISCHARGE  IONIZATION  OF  NOBLE  GASES 

C.  B.  Leffert 


ABSTRACT 

The  design,  construction  ond  processing  of  o  system  for  studying  the  pulsed  discharge 
operation  of  noble  gas  filled  diodes  Is  described.  A  variable  pressure  system  with  two  diodes 
was  constructed.  One  of  the  diodes,  G7x,  hod  planar  geometry  with  guard  rings  and  the  other, 
Gl  lx,  hod  cylindrical  geometry.  A  cold  cathode,  gas  discharge  getter  ion  vacuum  station  and 
a  portable  bokeout  oven  and  power  supply  were  constructed  to  process  the  variable  pressure  sys¬ 
tem.  The  design  details  are  presented  and  the  construction  and  processing  steps  are  described. 
The  electronic  equipment  and  electrical  circuits  developed  for  these  studies  are  also  described. 
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I  INTRODUCTION 

The  construction  and  tube  processing  phase  has  been  completed  for  the  variable  pressure  pulsed 
discharge  system.  Considerable  exMrimental  data  have  already  been  abtained.  One  af  these 
studies  has  already  been  reported'  '  ond  the  other  studies  are  in  progress.  The  variable  pres¬ 
sure  pulsed  discharge  system  was  built  to  study  the  transient  characteristics  of  electrically  gen¬ 
erated  plasmas  In  noble  gases.  The  objectives  for  the  pulsed  diode  project  are  threefold:  (1) 
to  guide  and  complement  the  inpile  noble  gas  fission  frogment  studies,  (2)  to  provide  experi- 
mentol  dato  for  development  of  the  plasma  sheath  theory,  and  (3)  to  evaluate  the  capabilities 
of  this  Ion  generating  scheme  for  thermionic  energy  conversion.  Many  gaseous  discharge  phe' 
nomena  can  be  studied  with  this  system  and  the  mode  of  operotion  ond  variobles  studied  will 
depend  upon  which  objective  is  being  pursued. 

In  the  ionization  scheme  employed  here  a  low  density  plasma  (10^  -  lo'^  ions/cm^)  is  created 
in  0  noble  gas  filled  diode  by  applying  a  short  (few ^  sec)  voltoge  pulse  (10  -  100  v)  between  a 
plate  and  a  hot  electron  emitter .  The  plasma  Is  established  in  a  few  microseconds  by  inelastic 
collisions  between  the  electrons  and  the  gas  atoms  ond  the  degree  of  ionization  is  determined 
by  the  power  added  during  the  pulse,  the  tube  geometry  ond  the  type  and  pressure  of  the  gas. 

At  the  end  of  pulse  when  the  plote  voltage  is  removed,  the  Ion  density  decoys  (few  millisec)  at 
a  rate  depending  upon  the  predominant  ion  loss  mechanisms  which  in  turn  depend  upon  the 
applied  fields,  the  tube  geometry  ond  the  type  and  pressure  of  the  gas.  This  pulsed  discharge 
ion  generating  scheme  is  altogether  different  from  the  fission  fragment  ionization  scheme  In  a 
nuclear  reactor,  however,  the  ion  loss  mechanisms  are  common  to  both  the  laboratory  and 
reactor  environments.  By  studying  the  Ion  decay  rate  following  the  pulse  os  a  function  of  the 
tube  geometry  and  the  type  ond  pressure  of  the  gas  it  is  planned  to  guide  the  optimization  of 
these  parameters  for  the  nuclear  generated  plasma  studies. 

During  the  decay  of  the  ion  density  following  the  Ionization  pulse  It  is  expected  thot  the  plosma 
will  be  in  0  quasi -steady  state,  that  is,  the  electrons  will  have  reached  a  Boltzmann  distribu¬ 
tion  of  velocities  even  though  they  ore  not  in  thermal  equilibrium  with  the  ions  or  gas  atoms. 

By  obtaining  the  voltage  current  characteristics  at  predetermined  time  delays  following  the  ioni¬ 
zation  pulse,  data  will  be  obtained  for  the  development  of  the  plasma  sheath  theory.'*^ 

Since  the  ion  lifetime  can  be  considerably  longer  tha.n  the  ionization  pulse  it  is  conceivable 
that  this  pulsed  discharge  ionization  scheme  could  be  used  to  eliminate  the  space  charge  for  the 
direct  conversion  of  heat  to  electricity.  For  such  an  application  the  power  output  during  the 
decay  period  must  be  an  appreciable  portion  of  the  total  heat  plus  pulse  power  input. 

The  apparatus  that  has  been  assembled  for  these  studies  will  be  described  according  to  the 
function  performed  by  the  three  mam  components:  (1)  a  vacuum  station  and  bakeout  oven  for 
processing  the  variable  pressure  system  (2)  the  variable  pressure  system  consisting  of  the  pulsed 
diode  tubes  and  the  attendant  values  and  gauges  for  changing  the  gas  pressure  and  (3)  the 
electrical  circuit  for  supplying  the  pulse  and  measuring  the  transient  electrical  characteristics 
of  the  plasma . 
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II  VACUUM  STATION  AND  BAKEOUT  OVEN 


A.  Vacuum  Station 
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Figure  1  -  Vacuum  station  for  processing  the  variable  pressure 
pulsed-discharge  system. 


Figure  2  -  Portable  bakeout  oven  and  power  supply. 


B.  Portable  Bakeout  Oven  and  Power  Supply 

In  order  to  outgas  the  variable  pressure  system  it  was  necessary  to  bake  out  the  entire  system  at 
450®C.  The  design  of  a  very  light  portable  oven  was  obtained  from  F.  E.  Gifford  in  which  a 
thin  (0.016  in.)  highly  polished,  chrome  plated,  stainless  steel  sheet  was  used  as  the  heat  bar¬ 
rier.  The  detailed  design  was  completed  by  the  Energy  Converters  and  Plasmas  Group  and  the 
power  supply  was  built  by  the  Electronics  and  Instrumentation  Department.  Photographs  of  the 
oven  and  power  supply  are  shown  in  Figure  2  and  a  circuit  diagram  of  the  power  supply  is  shov/n 
in  Figure  3 . 
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III  VARIABLE  PRESSURE  SYSTEM 

The  glass  manifold  system  that  was  constructed  to  vory  the  pressure  in  the  pulsed  diode  tubes  is 
shown  schematically  in  Figure  4  and  in  the  photograph  in  Figure  5.  This  system  was  constructed 
from  the  following  components: 

1 .  Pulsed  Diodes 

a.  G7x  -  planar  geometry 

b.  Gllx  -cylindricol  geometry 

2.  Pressure  Gauges 

a .  Hastings  thermocouple  gauges 
DV  -  16M  (two)  0-20  Torr 
DV  -  17M  (one)  0-1  Torr 

b.  Veeco  RG~75  vacuum  ion  gauge 

3.  Granville  Phillips  bakeable  valve 

4.  One  liter  flask  of  reagent  grade  noble  gas  (Air  Reduction  Sales  Company) 

5.  One  glass  liquid  nitrogen  freeze  out  bulb . 

6.  One  51/sec  Super  Voclor  pump  (type  911-0013) 

7.  Stainless  steel  to  Kovar  to  pyrex  glass  transition  tee 

8.  Pyrex  manifold . 
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A.  G7x  Pulsed  Diode  with  Plonor  Geometry 

^tails  of  the  *$ign  of  the  G7x  pulsed  diode  ore  shown  in  the  ossembly  drowing  in  Figure  6  . 

The  nnished  tube  is  shown  ot  the  top  of  the  photogroph  in  Figure  7.  A  photogroph  of  the  inter- 
nols  before  ossembly  is  shown  in  Figure  8. 

Porollel  ploM  geometry  with  guord  rings  wos  desired  for  this  tube  with  nickel -molybdenum  thermo- 
wuples^  the  two  borlurr  impregnoted  tungsten  emitters  (Philips  Type  B).  In  order  to  be  oble  to 
»2  flw  the  tube  components  ofter  ossembly  these  components  were  mounted  individcolly  to  two 
sopphire  rods.  This  entire  subossembly  wos  then  fired  ond  then  connected  to  one  gloss  stem. 

^  shown  in  Figure  6  eoch  3  mm  o.d.  Type  B  emitter  is  supported  by  3  sapphire  bolls  mounted  in 
the  molyb*num  guord  ring  and  attached  to  a  nickel  strop  by  o  0.040  in.  molybdenum  wire.  The 
nickel -mol^ybdenum  thermocouple  is  spotted  to  the  side  of  the  molybdenum  cylinder  of  the  Type  B 
emitter  ond  eoch  wire  is  spotted  to  o  nickel  strop  attached  to  the  two  sopphire  rods.  The  two 
ends  of  the  heating  filament  are  ottoched  to  similar  nickel  straps.  One  of  these  straps  also  sup¬ 
port  the  Ty^  B  emitter.  The  2  mm  spocing  between  the  two  guard  rings  is  maintained  by  two 
smaller  sapf^ire  rods  mounted  in  the  guard  rings.  The  two  larger  sapphire  rods  ore  held  in  two 

slots  on  each  guard  ring .  This  desigr^  prevents  distortion  of  the  assembly  due  to  cocking  or  twist¬ 
ing. 

The  entire  as^mbly  was  hydrogen  Hred  and  the-'  mounted  to  one  5-lead  pyrex  glass  stem  by 
nickel  straps  from  the  ends  of  the  sopphire  rods  to  the  0.040  in.  molybdenum  wires  of  the  press. 

The  significant  details  of  the  glass  assembly  are  shown  in  Figures  6  and  8.  A  5  lead  glass  stem 
was  attached  to  the  side  of  on  open  ended  gloss  tube  and  then  onneoled.  After  cleaning  the 
onnwled  tube  the  end  stem  plus  Internols  was  sealed  .o  the  end  of  the  tube  with  the  small  side 
tubulation.  This  tubulatior,  was  used  to  blow  diied  argon  gas  over  the  internals  during  the  glass 
blowing  step.  The  connecting  wires  we'e  spot  welded  to  the  molybdenum  wires  of  the  side 
stem  by  irtroducing  special  welding  jaws  th  ough  the  one  end  of  the  tube  that  was  still  open. 

After  this  step  the  open  end  of  the  tube  was  drown  down  to  tubulation  size  and  the  side  tabula¬ 
tion  at  the  other  end  was  tipped  off  to  complete  the  tube. 
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B*  Gllx  Pulitd  Diodt  with  Cyltndricol  Geowtry 

Details  of  the  design  of  the  G1  lx  pulsed  diode  ore  shown  in  the  assembly  drawing  in  Figure  9. 
The  finished  tube  is  shown  ot  the  bottom  of  the  photograph  in  Figure  7.  Two  views  of  the  inter¬ 
nals  of  this  tube  are  shown  in  the  photograph  in  Figure  10. 

A  cylindrical  diode  is  of  interest  since  it  presents  a  collector  to  emitter  area  ratio  greater  than 
unity  and  also  with  an  L/D  considerably  larger  than  unity  a  simple  diode  geometry  can  be  used. 
Tube  Gllx  was  designed  with  these  considerations  in  mind. 

The  cylindrical  Type  B  emitter  is  suspended  between  two  molybdenum  end  caps.  One  end  cap  is 
attached  to  a  molybdenum  leod  wire  from  the  stem  and  supports  the  filament  and  the  other  end 
cap  is  attached  to  a  sapphire  rod.  The  emitter-collector  spacing  is  shown  in  Figure  9.  The 
collector  is  a  molybdenum  cylinder  with  o  horizontal  slit  to  permit  viewing  of  the  emitter  sur¬ 
face  with  an  optical  pyrometer.  A  nickel  wire  plus  the  molybdenum  support  wire  serves  os  the 
thermocouple  for  the  collector. 

C.  Vacuum  Equipment 

A  5-llter/sec  Vaclon  pomp  was  attached  to  the  system  (see  Figure  4)  to  check  the  performance 
of  the  pump  after  bakeout  on  a  closed  system.  After  removal  of  the  mognet  from  the  outside 
case  these  pump  bodies  can  be  baked  out  at  450*C.  The  stainless  steel -kovar-glass  transition 
piece  is  joined  to  the  Vaclon  pump  and  to  the  copper  tubing  pinch  off  tube  by  Vorion  stainless 
steel  flanges  with  OFHC  annealed  copper  gaskets.  These  flanges  can  also  be  baked  out  ot 
450*C.  An  RG75  Veeco  ion  gauge  was  also  ottached  to  the  manifold  to  check  the  vocuum 
reading  of  the  Vaclon  pump. 

D.  Pressure  Equipment 


A  one  liter  flask  of  reagent  grade  xenon  at  one  atmosphere  pressure  was  obtained  from  Air 
Reduction  Sales  Company  and  attached  to  the  system  (see  Figure  4)  below  the  transite  plate. 
These  flasks  are  sealed  by  a  very  small  breakable  glass  tip  in  the  outlet  tubulotion.  A  small 
piece  of  Iron  was  sealed  in  a  glass  envelope  and  placed  in  the  tubulotion  for  breaking  the  tip 
after  bakeout. 

A  Granville-Phillips  type  C  valve  with  monel  bellows  was  mounted  in  the  glass  tabulation 
between  the  1  liter  flask  and  the  main  manifold.  This  valve,  when  held  open,  is  also  bake- 
able  to  450®C  and  is  used  to  bleed  the  noble  gas  from  the  1  liter  flask  to  the  main  manifold 
after  the  flask  tip  Is  broken. 

Three  Hastings -Raydist  glass  thermocouple  gauges  were  attached  to  the  main  manifold  to 
measure  the  gas  pressure.  These  gauges  have  a  limited  pressure  range:  DV-17M,  0-1  Torr 
and  DV-16M,  0-20  Torr.  Two  DV-16M  tubes  and  one  DV-17M  tube  were  attached  to  the 
manifold.  The  instruments  are  calibrated  for  air.  Hastings-Raydist  Company  furnished  cali¬ 
bration  curves  for  argon,  CO2,  Freon22/  helium,  hydrogen  and  oxygen .  Calibration  curves 
for  neon,  argon  and  xenon  were  obtained  by  S.  Stachnik  of  the  Electronics  and  Instrumenta¬ 
tion  Department  using  a  McLeod  absolute  pressure  gouge.  A  calibration  curve  is  shown  in 
Figure  1 1 . 
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Figure  9  ^  Assembly  drawing  of  the  G1  lx  pulsed  diode . 
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Figure  11  -  Calibration  of  Hotting-Htoydlst  ibei 
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E.  Provision  for  Freeze -Out  of  Gos 

Th«  1  liter  flask  of  gas  at  one  atmosphere  pressure  ond  the  Granville  Phillips  valve  provide  a 
means  for  varying  the  pressure  in  the  manifold  in  one  direction  only.  In  order  to  be  able  to 
lower  the  pressure  a  freeze  out  bulb  was  attached  to  the  manifold  so  that  it  could  be  cooled 
using  either  liquid  N2  (for  condensing  Xe)  or  liquid  He  (for  condensing  the  Ne:A,  1000:1 
Penning  mixture). 


IV  PROCESSING  OF  SYSTEM 


A.  Construction  Problems 

There  were  no  major  problems  encountered  in  the  construction  and  assembly  of  the  two  pulsed 
diode  tubes,  G7x  ond  G1  lx.  The  glass  blowing  steps  were  also  successful  on  the  first  attempt. 
There  was  no  visible  evidence  of  deposits  on  the  inside  of  the  tubes  and  the  interelectrode 
resistance  checks  also  showed  no  evidence  of  deposits.  In  view  of  previous  problems  with 
contamination  during  the  gloss  blowing  steps  the  success  of  this  operation  wos  attributed  to 
the  argon  purging  procedure  adopted. 

The  kovar-glass  seal  broke  in  the  first  two  attempts  to  heliarc  weld  the  kovar  to  the  stainless 
steel  transition  piece .  This  problem  was  solved  by  making  a  thin  tight  fit  between  the  kovar 
and  stainless  steel . 

B.  Bakeout  and  Processing  of  System 

The  Varian  (Vaclon)  vacuum  system  and  the  new  portoble  bokeout  oven  worked  well  for  the 
first  bakeout  of  the  system.  After  the  bokeout  considerable  trouble  was  experienced  with  the 
DV-16M  Hastings -Raydist  thermocouple  gauges.  A  leak  was  found  in  the  press  of  the  first 
gauge.  This  gauge  was  replaced  with  a  second  but  subsequent  checking  showed  that  an  inter¬ 
nal  thermocouple  element  had  broken  during  instollotion .  Two  new  gauges  were  ordered  and 
installed  after  delivery  from  the  factory.  Subsequent  use  of  these  gauges  has  shown  that  the 
calibration  is  subject  to  drift  or  contamination  and  a  more  reliable  pressure  measuring -device 
is  needed.  The  pressure  during  the  second  bakeout  at  450®C  was  5  x  10  Torr. 

An  Interesting  phenomenon  was  observed  during  bombardment  of  the  molybdenum  guard  rings 
during  the  activation  step.  In  order  to  outgas  these  guard  rings  it  was  decided  to  heat  them 
to  1000®C  by  electron  bombardment  using  the  Type  B  emitters  as  the  electron  source.  For  the 
first  attempt  the  circuit  and  deduced  current  path  are  shown  below: 


(A> - ^ 
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DC  PS 

rJ  1000  V 


30  mo 


19 


With  this  circuit  the  guard  ring  (2)  started  to  heot  correctly  (dashed  arrow)  but  os  soon  os  PC(2) 
heoted  to  emission  temperature  from  thermol  rodiotion  from  GR(2)  the  electron  poth  changed  to 
thot  depicted  by  the  solid  orrows-even  though  PC(2)  was  flooting-ond  runaway  bombardment  of 
PC(2)  occurred . 


It  was  decided  to  try  to  bombard  each  guard  ring  with  its  own  Type  B  emitter  so  for  the  second 
attempt  the  circuit  and  deduced  current  paths  are  shown  below: 


Again  the  guard  ring  started  to  heat  correctly  but  suddenly —even  though  it  was  floating-- 
PC(2)  would  heat  rapidly  and  the  power  would  hove  to  be  shut  off.  The  problem  wos  solved  by 
holding  GR(2)  and  PC(2)  at  the  emitter  potential  as  follows: 


PC(2) 

GR(2) 


After  activation  of  the  cathodes  and  outgossing  of  the  guard  rings  by  electron  bombardmenty 
the  copper  tubing  joining  the  variable  pressure  system  to  the  vacuum  station  was  pinched  off 
with  the  pneumatic  cutoff  tool .  The  system  pressure  was  9  x  10"9  Torr  during  pinch  off.  After 
12  hou«  without  pumping  the  pressure  in  the  variable  pressure  system  hod  increased  to  only 
3x10  Torr .  The  Voclon  pump  was  turned  on  to  lower  the  pressure  to  9  x  10"9  Torr,  the 
Granville  Phillips  valve  was  closed  and  the  tip  was  broken  on  the  1  liter  flask  of  xenon.  The 
Granville  Phillips  valve  was  opened  slightly  to  bring  the  pressure  in  the  system  slowly  up  to 
0.25  Torr  of  xenon  for  the  first  experimental  study. 
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V  ELECTRICAL  CIRCUIT 

During  the  construction  and  processing  of  the  variable  pressure  system  the  electronic  instruments 
were  collected  for  the  pulsed  discharge  project  and  a  number  of  electrical  circuits  were  studied 
in  order  to  obtain  the  best  circuit  far  the  type  of  data  desired.  The  various  instruments  ore 
shown  together  with  the  variable  pressure  system  and  the  vacuum  station  in  the  photograph  in 
Figure  12.  In  this  sectian  the  major  specifications  for  the  electronic  instruments  are  presented, 
the  final  electrical  circuits  are  shown,  and  some  of  the  tests  on  the  electrical  circuits  are 
described. 

A.  Electronic  Instruments 


The  major  specifications  for  the  electronic  instruments  assembled  for  the  pulsed  discharge  studies 
are  presented  below.  The  symbols  used  in  the  circuit  diagrams  are  shown  in  parentheses  imme¬ 
diately  preceding  the  name. 

(PG)  Pulse  Generator 


Manufacturer 
Model  No. 

Pulse  Length 
Pulse  Ampfltude 

Pulse  Polarity 
Rise  ond  PeMy  Time 
Internal  Impedonce 
Repetition  Rate 

(CRO)  Oscilloscope 

Manufacturer 
^del  No.~ 

Vertical  De^flection  System 
Bandpass 
Rise  time 

Externol  Horizontal  Input 
Bandpass 

(E)  Electrometer 

Manufacturer 
Model  No.~ 

Voltage  Ranges 
Input  Impedance 
Recorder  Output 
Frequency  Response 


Hewlett  Packard  Company 
212  A 

0  .7  to  10  microseconds 

To  50  volts  peak  into  50  ohm  load 

(50  watts  peak) 

Positive  or  Negative 
.02  microseconds 
50  ohms 

50  to  5, 000  pps 


Tektronix,  Inc. 
555  Dual  Beam 

D  .C.  to  30  me 
.  012  microseconds 

D.C.  to  240  kc 


Keithley  Instruments,  Inc. 

61 OA 

.01,  .03,  .1,  .3,  1,3, 10,30  and  100 
10^^  ohms 

1  mamp  or  10  volts  for  end  scale  reading 
D.C.  to  500  c  to  D.C.  to  10  kc 
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(Al)  Milli-Microommeter 

Monufocturer 
Model  No. 
Current  ftonge 


Input  Impedonce 
Recorder (Output 

(A2)  Clip-on  Milliommeter 


Manufacturer 
Model  No. 
Current  Ronge 

Inductance 


Hewlett  Packard  Company 

425A 

1  0  micromicroamperes  end  scale  to  3  mill i 
amperes  end  scale  in  an  eighteen  step 
I,  3,  10  sequence. 

1  megohm  to  0.33  ohm 
0  to  1  volt  for  end  scale  reading 


Hewlett  Packard  Company 

428A 

3  milliampere  to  1  ampere  full  scale. 
Six  ranges  in  a  3, 10,30  ...  sequence. 
Less  than  0.5  ^h  introduced  into 
measured  circuit. 


(LC)  Logarithmic  Canverter 


Manufacturer 
Model  No. 
Input  Voltage 
A.C.^de 
D.C.Mode 


Frequency  Range 
Dynamic  Range 
Input  Impedance 
Output 


(PSl)  D.C.  Power  Supply 


Manufacturer 

Output 

Vol  tage 
Current 


(PS 2)  D.C.  Power  Supply 

Type 

Output 

Vol  tage 
Current 

(PS3)  D.C. Filament  Power  Supply 

Type 


F  .  L.  Moseley  Company 
60B 

.  001  to  1  volt 
.  00316  to  3.16  volt 
20  cps  to  20,000  cps  (A.C.  Input) 
60  dB  (1000  to  1) 

2  megohms,  35  mmf 
0  to  -60  mv  for  20, 000  ohm  load 


General  Motors  Research  Laboratories 

0  -  150  V 
0-4  amp 


Battery  supply  to  resistance  bridge 

-12  to +12  V 
1  amp 


Battery  supply 
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(T)  Potentiometer 

Manufacturer 
Model  No.  ~ 

(OP)  Opticol  Pyrometer 

Manufocturer 
Model  No .  ~ 

(D)  Silicon  Rectifier  (4  in  parallel) 


Technique  Associates 
9B 


Leeds  and  Northrup  Company 
8621-C 


Manufocturer 


Sorkes  -  Torzion 
40  -LF 


B.  Electrical  Circuits 

The  various  electrical  circuits  used  in  the  pulsed  discharge  studies  will  now  be  described.  The 
H.P.  212A  pulse  generator  has  one  side  of  the  signal  output  grounded  and  this  greatly  restricted 
the  design  of  the  electrical  circuits. 

1 .  Circuit  for  Pulsing  an  Auxiliary  Electrode 

During  the  construction  and  processing  of  the  variable  pressure  system  a  number  of  circuits  were 
tried  for  the  pulse  discharge  operation  on  tube  Glx.  This  tube  hod  been  constructed  for  dc 
auxiliary  discharge  studies  and  contoined  o  Ne;A(1000:l)  noble  gas  mixture  at  20  Torr.  The 
tube  and  some  of  the  experimental  data  obtained  during  the  pulsed  discharge  operotion  were 
described  in  another  report.'  The  circuit  used  for  these  studies  is  shown  in  Figure  13.  In 
this  circuit  the  pulsed  discharge  wos  formed  between  the  emitter  (a)  and  electrodes  (c)  and  (d). 
The  converter  circuit  was  completed  between  the  emitter  (a)  and  collector  (b). 


iriTi 


gure  14  -  Circuit  for  pijising  coll 


26 


fa  fxliing  *«  Collector  Dir«cHy  te  Obtain  VolKiq«-Cu,wnt  ChoraeUfittici 


Figure  15  -  Circuit  for  pulsing  collector  .’o  obtain  V-l  doto. 


Circuit  for  D.C.  Measurements 


j'"  charocLriitics  without  iooizotion  the  circuit  in  Figure  16 

cSLge let;  tMies  °  >P«« 


Figure  16  -  Circuit  for  D.C.  measurements. 
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C.  Double  Pulsing  Circuit 

The  signal  from  circuits  under  conditions  of  rapid  chonge  ore  sometimes  distorted  because  of 
undesirable  circuit  inductonces  and  interelectrode  capacitances.  For  the  pulsed  discharge 
studies  0  number  of  plasma  parameters  are  to  be  deduced  from  the  theory  and  the  shape  of  the 
current  ond  voltoge  signals.  Serious  errors  would  be  introduced  if  the  shape  of  the  current 
and  voltoge  decoy  curves  were  significantly  affected  by  such  circuit  inductances.  In  order 
to  check  for  this  possibility  a  double  pulsing  technique^)  was  applied  to  the  circuit  (see 
Figure  17).  Pulse  generator  No.  1  was  used  to  ionize  the  gas  and  pulse  generator  No.  2  was 
used  to  apply  a  small  non-lonizIng  pulse  at  a  predetermined  delay  time  after  the  first  pulse. 
The  absence  of  significant  circuit  Inductonces  is  shown  by  the  fast  rise  and  fall  time  of  the 
diode  current  in  phase  with  the  second  voltage  pulse  as  is  shown  for  the  circuit  In  Figure  18A. 

This  double  pulsing  technique  has  been  modified  to  give  the  voltage -current  characteristic 
ot  a  fixed  delay  time  after  the  Ionizing  pulse.  In  the  circuit  shown  in  Figure  14  the  ionizing 
fwlse  adds  to  the  bios  voltage  ond  complicates  the  V-l  curve  by  vorying  the  degree  of  ioniza¬ 
tion  with  varying  bias  voltage.  With  this  modlHed  technique  the  V-l  curves  ore  obtained  from 
the  second  pulse  without  affecting  the  degree  of  Ionization .  By  taking  fbli  advantoge  of  the 
delay  circuits  In  the  555  Tektronix  oscilloscope  ond  In  both  pulse  generators  and  by  modifying 
the  intensifler  circuit  in  tl.e  555  oscilloscope  It  Is  now  possible  to  photograph  the  V-l  curve  at 
a  fixed  delay  after  the  ionizing  pulse  directly  on  the  oscilloscope.  The  trigger  circuit  is 
shown  in  Figure  17.  The  diode  current  signal  was  fed  to  the  vertical  deflection  system  on  the 
CRO  (see  Figure  18A)  and  the  diode  voltage  signal  was  fed  to  the  CRO  external  horizontal 
input  .  Of  course  during  one  cycle  between  one  ionization  pulse  and  the  next,  the  instantan¬ 
eous  "voltage -current  dot"  would  sweep  the  entire  range  covering  both  pulses  and  the  decoy 
period.  Using  the  intensifler  pulse  feature  of  the  scope,  however,  the  beom  intensity  was 
decreased  until  only  that  instantoneous  (.1  .v$ec)  V-l  point  at  the  peak  of  the  second  pulse 
was  preserved.  The  pulse  amplitude  on  PG2  was  then  manually  operated  to  sweep  out  the  V-l 
curve  at  the  predetermined  delay  after  the  ionizing  pulse  as  shown  in  Figure  18B. 
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Figure  18  -  Double  pulsing  technique  to  obtain  delayed  V-l  trace.  The  upper  photograph 
shows  the  second  pulse  during  the  time  decay  of  the  diode  voltage  and  current. 
The  lionizing  pulse  is  at  the  extreme  left  end  of  the  trace  and  is  off  the  photo- 
graph.  The  bright  dot  is  the  intensifier  pulse.  The  lower  photograph  shows  the 
V-(  trace  obtained  by  feeding  the  current  signals  to  the  CRO  vertical  input 
the  voltage  signal  to  the  CRO  horizontal  input  and  varying  the  PG2  pulse 


SECTION  B  (2) 

ION  DECAY  RATE  IN  THE  PULSED  DISCHARGE  IONIZATION  OF  XENON 
C.  B.  LcFfert  and  J.  F.  Walkup 


ABSTRACT 


A  series  of  measurements  of  the  ion  decoy  rote  following  the  pulsed  discharge  ionization  of 
xenon  were  mode  os  o  function  of  the  gas  pressure .  Dota  were  taken  on  two  tubes  with  a 
hot  emitter:  one  with  parallel  plate  geometry  ond  guord  rings  ond  one  with  a  cylindrical 
geometry.  The  objective  for  this  study  was  to  provide  informotion  to  guide  the  optimiza¬ 
tion  of  type  of  gas,  gas  pressure,  ond  diode  spacing  for  the  current  fission  fragment  ioniza¬ 
tion  studies  at  the  University  of  Michigan  reactor.  It  was  found  that  the  ion  lifetime  in 
xenon  reached  a  maximum  between  20  and  100  Torr  pressure  but  additiorral  data  are  needed 
to  fix  the  optimum  pressure .  The  date  indicote  that  ion  losses  by  both  diffusion  ond  volume 
recombination  ore  significant  and  a  fair  correlotion  of  the  data  was  obtained  with  the 
reported  value  for  the  dissociative  recombination  coefficient  for  xenon  of  2  x  10  cm  sec 
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I  INTRODUCTION 

One  of  the  objectives  for  the  pulsed  discharge  woject  is  to  guide  and  complement  the  cur¬ 
rent  inpile  noble  gas  fission  frogment  studies. In  partial  fulfillment  of  this  objective 
a  series  of  measurements  of  the  ion  decay  rate  following  the  pulsed  discharge  ionization 
of  xenon  were  made  as  a  function  of  the  gas  pressure.  ..Details  of  the  desigrv construction 
and  electrical  circuits  have  been  reported  previously.'  ' 

In  these  studies  o  low  density  plasma  lons/cm^  is  created  in  a  xenon  filled  diode  by 

applying  a  short  (several  sec)  voltoge  pulse  between  the  collector  and  a  hot  electron 
emitter.  The  plasma  is  established  In  a  few  microseconds  by  inelostic  collisions  between 
the  electrons  and  the  gas  atoms.  At  the  end  of  the  ionizing  pulse  the  Ion  density  decays 
(several  millisec)  at  a  rate  dependent  upon  the  predominant  ion  loss  mechanisms  which 
in  turn  depend  upon  the  applied  fields,  the  tube  geometry  and  the  type  and  pressure  of 
the  gas.  These  controlling  parometers  ore  common  to  both  the  laboratory  and  nuclear 
reactor  environments  and  provide  the  bosis  for  using  laboratorv  tests  to  guide  Inpile  exper¬ 
iments.  The  tubes  employed  were  the  G7x  ond  G1  lx  diodes. The  G7x  diode  has 
parallel  plate  geometry  with  each  electrode  consisting  of  a  Philips  cathode  surrounded 
by  a  molybdenum  guard  ring,  and  a  fixed  interelectrode  spacing.  The  G1  lx  is  a  cylin¬ 
drical  geometry  tube  with  the  same  interelectrode  spacing.  By  pulsing  the  collectors  of 
these  two  xenon  filled  tubes,  ond  studying  the  current  decay  curves,  it  was  possible  to 
calculate  the  ion  number  density,  the  Ion  decay  constants,  and  the  volume  recombination 
coefficient.  Although  the  main  variable  in  the  runs  was  pressure,  the  effects  of  varying 
the  emitter  temperature,  pulse  amplitude  and  width,  pulse  rate  and  collector  bios  were 
also  noted  and  recorded. 


II  THEORY 

For  the  plasmas  created  in  these  studies  (10^  -  10^^  ions/cm^)  the  previously  developed 
plasma-sheath  theory^^^  is  considered  applicable.  In  this  theory  the  interelectrode  plasma 
between  the  emitter  and  collector  sheaths  is  assumed  neutral .  The  number  densities  of 
ions  and  electrons  are  assumed  spatially  uniform  throughout  the  plasma  but  may  vary  with 
voltage  and  time.  For  these  transient  studies  it  is  further  assumed  that  the  plasma  is  in  a 
quasi -steady  state,  that  is,  both  the  electrons  and  ions  will  have  reached  a  Boltzmann 
distribution  of  velocities  even  though  the  electrons  may  not  be  at  the  same  temperature 
as  the  ions  or  the  neutral  gas  atoms. 

A.  Determination  of  Ion  Number  Density  from  Meosured  Currents 

The  subsequent  analysis  of  the  experimental  data  to  determine  the  controlling  ion  loss 
mechanism  depends  upon  the  determination  of  the  ion  number  density,  n,  from  the  value 
of  the  measured  diode  current,  I,  at  any  given  time,  t.  From  the  plasma -sheath  theory'  ' 
it  was  shown  that  in  general  the  ion  number  density  is  also  a  function  of  the  diode  voltage 
as  well  as  the  diode  current,  i.e.,  n  =  n  (I,  V,  T,  t). 

For  the  pulsed  discharge  studies  reported  here  the  pulse  amplitude  is  of  the  order  of  or  less 
than  the  ionization  potential  of  the  gas  and  the  discharge  is  in  the  ball  of  fire  or  Langmuir 
mode.(^)  The  current  during  the  discharge  is  of  the  order  of  or  less  than  the  Richardson 
current  of  the  emitter  so  that  a  plasma  limited  current  can  also  be  expected  after  the  discharge. 
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In  the  plasma  limited  mode  of  operation  it  was  shown thot  the  diode  current  saturated  to 


Motive  diagram  for  plasmo  limited  operation. 


a  value,  at  increased  collector  voltage  ond  the  ion  number  density  became  independent 


or 


j-,  =  iooe„- 
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where, 


Ac 

z: 

G>l lector  area,  cm^ 

Ic 

s 

Richordson  emission  from  collector,  amps 

Jpc 

= 

Random  current  density  of  particle  z  in  the  plasma  at  the 
collector  sheath,  amps  cm~2,  ( z  *  >=  electrons,  z  -  - 

m 

= 

Moss  of  electron,  9.1064  x  10"^'  kg 

T* 

pc 

s 

Temperature  of  particle  z  in  the  plasma  at  the  collector. 

<v*> 

B 

Average  velocity  of  particle  z ,  cm  sec"' 

e 

= 

E lectronic  charge,  1.6021  x  10*'^  coulombs. 

Therefore  n"(t)(cm“^)  =  K  x  I(t)  amps  ond  evaluating  K, 


K  »  4.03  X  10^^  _ ! _ 

If  we  assume  that  Tpg  =  T  (emitter  temperature  In  •!()  and  that  n"*  n'*’* 
plasma)  then  n  (ion  number  density)  can  be  calculated  from: 


(1) 


n(i.e.  neutral 


(2) 


B.  Ion  Loss  by  Volume  Recombination 

Two  types  of  volume  ion  recombination  loss  in  a  plosma  are  given  by  the  reaction  equations 

os  follows*'^' 


1)  Radiative  Recombination  Loss 

x/  +  e' - ►  +  hi) 

e  e 

where  hi/  is  the  radiant  energy  loss  and 


2)  Dissociative  Recombination  Loss 


+ 


Xe2  +  e-  — ^X,  +  x/ 

The  second  of  these  processes,  or  dissociative  recombination,  is  expected  to  be  the  dominant 
method  of  recombination  loss  in  the  xenon  plasma.  Therefore,  for  losses  by  volume 
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recombination  only 


or 


It  -  -a- 


I  1 

TT-irr  ^at. 


P) 


(4) 


The  slope  of  a  1/n  versus  t  plot  gives  the  recombination  coefficient,  C( 

bOM^rt 


(5) 


Combining  equations  (2)  and  (5)  for  the  case  of  volume  recombination  loss  only; 


a  =  1 

K 

“?t - 

(6) 


Using  ^uati^  (6)  one  can  obtain  the  volume  recombination  coefficient,  Ct,  from  the  slope 
of  a  1/1  vs  time  curve  for  the  tube. 

C .  Ion  Loss  by  Ambipolor  Diffusion 

l^s  can  also  be  lost  by  diffusion  to  the  walls  enclosing  the  plasma  and  by  ambipolar  diffu¬ 
sion  out  the  interelectrode  gap.  After  the  end  of  the  ionizing  pulse,  ions  are  no  longer 
created  and  the  loss  rote  of  Ions  by  diffusion  in  the  absence  of  applied  electric  fields  is 


dn  2 

ST  =  *^07  " 

where  Dg  is  the  ambipolar  diffusion  coefficient. 

Assuming  on  exponential  decoy  of  the  ions 

n(x,y,z,t)=  n^(x,y,z,t)exp  [-t/f] 

where  T  is  the  decay  constant. 

Using  equation  (2) 


(7) 


(8) 


l=lo 


-'/r 


P) 


or 


r_  .  d(lnD 
"  -Jt - 


(10) 


for  the  case  of  ion  loss  by  diffusion  only. 
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D  •  Combined  Diffusion  and  Recombination  Loss 


At  low  pressures  and  at  low  ion  densities  the  diffusion  loss  rate  and  the  volume  recombination 
loss  rote  can  be  of  the  same  order  of  mognitude .  For  this  case 


where  Z"  is  the  meon 


decay  time  due  to  diffusion . 


(6) 


The  solution  of  equation  (11)  is 


(11) 


n 

1  +C(  T n 


1  *arn,j 


(12) 


where  nQ  s  n(t  =  o).  If  C(  •*  known  equation  (12)  con  be  used  to  correct  the  data  to 
obtain  f. 


Ill  DESCRIPTION  OF  APPARATUS  AND  PROCEDURE 


A.  Bosic  Porameters  Studied 

The  range  of  the  basic  parameters  studied  were  as  follows: 

Type  of  Gos  Xenon 

Pressure  1  /4  mm  Hg* 

2.0  mm  Hg* 

20  mm  Hg* 

100  mm  Hg** 

Emitter  Temperature***  900*C(Br)(l  186*K) 

1000*C(Br)(1296*K) 

1160*C(Br)(1471*K) 

G7x  Geometry  Collector  guard  ring  floating 

or  tied  to  collector. 

Other  parameters  were  sometimes  chonged  during  the  course  of  the  runs  in  order  to  produce 
the  proper  mode  of  operation .  These  were:  (1)  pulse  amplitude;  (2)  pulse  width;  and 
(3)  collector  bios.  It  was  necessary  to  vary  these  parameters  to  ensure  that  operation  at 
saturated  current  was  being  achieved  without  entering  the  continuous  ball-of-fire  mode  of 
operation . 

The  method  of  varying  the  pressure  is  described  in  detail  in  reference  (2). 


*  Measured  with  Hastings  DV-16  M  gauge  . 

**  Calculated  after  expansion  of  IL  flask  to  system. 

***  Measured  with  optical  pyrometer;  conversion  to  ®K  from  calibration  of  brightness 
temperature  versus  thermocouple  reading. 
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B.  Circuit  for  Pulwd  Disctwry  M»osurtwnt» 

Th«  circuit  used  for  these  studies  wos  described  if)  reference  (2)  and  is  reproduced  below; 


Circuit  for  pulsing  collector  to  obtain  time  decoy  curves. 
The  symbols  in  the  circuit  diagram  ore 


PG 

s 

Hewlett-Packard  21 2A  pulse  generator 

A2 

r 

Hewlett-Packard  423A  clip-on  milliommeter 

R 

s 

Variable  shunt  resistance 

0 

3 

4  Sorkes-Torzion  40-LF  silicon  rectifiers 
in  parallel  (to  eliminate  drop  across  the 
internal  impedance  of  50  of  PG  after  pulse) 

Bios 

either  Burgess  dry  cells  or  NJE  solid  state  dc 
power  supply 

T 

= 

Technique  Associates  9B  potentiometer 

CRO 

= 

Tektronix  555  oscilloscope 

PS3 

r 

Batteries,  filament  power  supply 

8 


A  positive  bios  voltage  wos  applied  to  the  collector  to  ensure  saturated  current  operation. 

It  should  be  noted  from  the  above  circuit  diagram,  in  the  case  of  the  G7x,  that  although  the 
emitter  guard  ring  was  always  flooting  with  respect  to  the  filament  heated  emitter,  the  col¬ 
lector  guard  ring  could  be  made  floating  with  respect  to  the  collector,  or  It  could  be  con¬ 
nected  directly  to  the  collector  In  order  to  obtain  data  regarding  its  effect  on  the  Ion  number 
(fensity  and  decay  rate.  In  the  cose  of  Gl lx  o  cylindrical  anode  was  used  wlHtout  a  guard 
ring .  For  both  tubes  the  emitter  temperature  wos  obtained  using  on  optical  pyrometer  ond 
the  collector  temperature  was  obtained  from  Ni-Mo  thermocouple  measurements. 

C.  Outline  of  Experimentol  Procedure 

The  bosic  ion  decoy  data  were  obtained  photographically  with  the  Tektronix  555  dual  beam 
oscilloscope  ar)d  a  Hewlett-Packard  scope  camera.  For  each  of  the  four  pressures  and  three 
temperatures  studied,  data  were  obtained  according  to  the  schedule  below: 


G7x 

G7x 

Gllx 

Circuit: 

Tracer 

G.  R.  floating 

G.  R.  tied  to 
collector 

During  pulse 

> 

o 

> 

Vc  vst 

V,  vst 

<  < 

e^ 

> 

l-l 

Is  vst 

After  pulse 

V  vst 
c 

> 

u 

> 

< 

n 

< 

Vgr  -  » 

Ic  vst 

Ij  vst 

Ij  vst 

Schedule  for  Data  Recording 

Utilising  the  schedule  outlined  above,  data  were  taken  consecutively  on  the  G7x  and  Gllx 
at  the  pressures  and  temperatures  mentioned  above.  These  data  were  plotted  in  the  form  of 
current  decay  curves  from  which  the  data  shown  in  Tables  1  and  2  and  the  appended  figures 
were  obtained. 


IV  RESULTS  AND  DISCUSSION 

A  summary  of  the  results  Is  presented  in  Tables  1  and  2.  The  values  selected  for  the  vari¬ 
able  parameters  for  the  runs  made  on  the  two  tubes  are  listed.  Also  included  are  the  calcu¬ 
lated  ion  number  densities  at  t  =  50^  sec  (after  start  of  pulse)  and  the  values  of  the  recom¬ 
bination  coefficients  (0()  calculated  from  the  plots  of  l/I  vs  t.  An  example  of  a  plot  of 
l/I  vs  t  is  shown  in  Figure  1 .  In  no  case  was  there  an  extended  linear  section  of  the  curve 
immediately  following  the  pulse  as  would  be  expected  for  a  recombination  controlled  plasma. 
An  example  of  a  plot  of  Ini  vs  t  to  determine,  f,  is  shown  in  Figure  2. 


A.  Number  Densities 
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G^-  As  shown  in  Table  1,  the  ion  number  density,  n,  ot  o  Hxed  time  delay  after  the  pulse 

Pwsure  is  Increased,  with  a  ranM  of  7.6  x  lO®  to  1 .7  x  lO'^  cm "3 
^re  the  guard  ring  is  floating,  and  9  x  lO^o  1  x  lO’ '  cm-3  where  the  guord  ring  is  tied 
to  the  col^ctor.  The  lower  ion  density  at  the  end  of  the  pulse  when  the  collector  guard  ring 
IS  led  to  the  collector  may  be  due  to  the  production  of  o  more  diffuse  plosmo  during  the 

pu  $e  (notice  that  in  general  the  Inltlol  current  is  greoter  when  the  guord  ring  is  tied  to  the 
collector). 

^  -  Th«  rang,  of  n  for  H»  Gl  lx  wo.  2.5  x  lo'®  to  1 .4  x  lO' '  cm-3,  ot  thown  in 
Toblo  2.  Thu.  rtio  range  in  n  is  not  neorly  at  lorge  os  Hiot  for  Hie  G7x.  In  generol  n 
incrMsed  with  Increosing  pressure  and  increasing  collector  bios  but  showed  no  definite 
trend  with  increasing  emitter  temperature,  T^.  The  pulse  voltage  odds  to  the  bios  voltage 
w  that  more  ions  ore  generated  during  the  pulse  for  a  greater  bios  voltage.  The  effect  of 
incrMsing  the  pulse  width,  Amplitude,  or  repetition  rote  is  again  to  increase  n  for  any 
fixed  time  after  the  pulse. 

B*  Volume  Recombination  Coefficient, Q( 

At  selected  points  on  the  curves  of  1/1  vs  t  values  of  0(  were  calculated  from  Equation  (6) 
and  recordiiin  Tables  1  and  2.  The  reported  experimental  value  of  CX  for  xenon  Is  2  x  10"^ 
cm  sec  Hovwver,  as  shown  In  Tables  1  and  2,  in  no  cases  were  values  of  (Yas  large 

os  this  obtoined .  Where  two  values  of  a  are  given  in  the  Tobies,  they  were  calculated  by 
measuring  the  slope  at  two  different  places  (such  as  shown  in  Fig.  1).  From  the  tables  one 
immediately  notices  that  the  calculated  values  of  Ctore  from  two  to  ten  times  smoller  than 
the  reported  va  ue.  Both  volume  recombination  and  diffusion  ore  probably  taking  place 
simultaneously  but  this  should  produce  o  colculated  value  greater  than  CX  . 

C.  Current  Decay  Constant, T 

‘  Plots  of  log  I  vs  t  were  made  to  determine  T  occording  to  Equotion  (10).  One  of 
these  plots  is  presented  in  Figure  2.  Figures  3  and  4  illustrate  the  variation  of  the  decay 
c^stant,  f ,  (towards  end  of  decoy)  with  pressure  over  the  range  of  pressure  studied  (0.25  to 
100  Torr).  In  general,  for  each  of  the  three  temperatures  studied,  f  increases  with  Increasing 
pressure,  up  to  a  point  which  appears  to  be  between  20  mm  Hg  and  100  mm  Hg.  This  would 
indicate  that  future  studies  should  concentrate  on  obtaining  data  in  this  region  to  establish 
the  maximum  for  the  curves.  Comparing  Figures  3  and  4  it  is  seen  that  tying  the  collector 
guard  ring  to  the  collector  Increases  the  lifetime  of  the  plasma.  This  effect  can  be  explained 
from  the  difference  in  the  ion  loss  rate  to  the  collector  guard  ring  during  the  current  decay 
for  the  two  cases.  When  the  collector  guard  ring  is  floating  it  collects  ions  but  it  floats  at  a 
negative  fwtential  due  to  the  greater  random  electron  current  in  the  plasma.  When  it  is  tied 
to  the  collector  it  is  biased  positively  and  repels  ions  back  Into  the  plasma. 

GTl^  -  The  current  decoy  constant,  f,  versus  the  xenon  pressure  is  shown  graphically  in 
Figure  5  for  G1  lx .  These  curves  were  shown  dotted  without  maxima  but  the  data  from  G7x 
would  indicate  that  maxima  could  very  well  occur  in  the  pressure  range  not  studied.  Future 
studies  could  readily  establish  the  presence  of  such  maxima.  The  collector  bias  was  not  the 
same  for  all  runs  presented  in  Figure  5  (or  in  Figure  4)  and  since  r=  f(B+)  these  curves  show 
only  the  gross  effect.  |t  was  found  necessary  to  lower  the  bias  in  many  of  these  runs  to  pre¬ 
vent  a  continuous  dc  discharge.  For  future  studies  it  will  be  necessary  to  study  the  effect  of 
the  bias  voltage  in  order  to  finally  obtain  curves  of  Tvs  p  at  constant  B.f. 
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D.  Transition  Region 


Neither  the  plot  of  l/I  vs  t  nor  the  plot  of  log  I  vs  t  fits  the  data  over  a  very  lorge  ronge, 
twwever,  the  1/1  plot  for  volume  recombination  loss  fits  the  data  best  immediately  following 
the  pulses  os  it  should  for  the  highest  number  densities.  Similarly  the  log  Iplot  for  diffusion 
OSS  fits  the  data  best  towards  the  end  of  the  decoy  curve  where  the  ion  number  density  is  less. 
In  the  transition  region  Ion  loss  by  volume  recombination  and  diffusion  are  both  significant. 


If  the  recombination  c^fficlent,  (X,  Is  known  Equation  (12)  suggests  a  method  for  plotting 
the  related  variables  T ,  n,  and  «  which  is  valid  even  where  diffusion  and  volume  recom¬ 
bination  are  taking  place  at  the  same  time.  This  involves  plotting  n/(l  *(XnT)  vs  time 
This  was  ^ne  in  Figure  6,  for  Run  8-16.2  on  G1  lx  using  the  value  of  ffound  experlmen- 
tallyandthereportedvalueOf  =  2x  10"6cm3sec-l  forxenon.f^  As  expected,  after  a 

period  for  allowing  the  electrons  to  come  to  thermal  equilibrium,  the  plot  is  linear,  Indicot- 
ing  ^hat  ^th  diffusion  and  wlume  recombination  ore  taking  place  and  that  the  reported 
value  of  U  =  2  X  10  cm  sec"  for  dissociative  recombination  fits  this  xenon  data.  Fig¬ 
ure  7  shows  a  similor  plot  for  G7x  and  again  the  relationship  is  linear  with  time.  Similar 
plots  should  be  made  on  the  remaining  dota  to  confirm  these  conclusions. 


V  CONCLUSIONS 

The  data  refwrted  here  for  the  effect  of  gas  preuure  on  the  Ion  decay  constant  for  a  xenon 
plasma  in  a  thermionic  converter  geometry  indicate  a  maximum  Ion  lifetime  in  the  pressure 
range  l^tween  20  and  100  Torr.  Sufficient  data  were  not  taken  during  this  study  to  define 
the  optimum  pressure  but  additional  data  are  being  obtained.  The  analysis  of  the  dato  pre¬ 
sented  here  shew  that  the  Ion  loss  mechanism  Is  neither  predominantly  diffusion  nor  volume 
recombination  but  rather  a  combination  of  both.  A  reasonable  correlation  of  the  data  was 

obtained  with  the  reported  dissoclotive  recombination  coefficient  for  xenon  of  2  x  10“^  cm^ 
sec  . 


The  volume  of  the  system  used  in  colculating  the  upper  limit  of  the  system  pressure  was 
estimated  very  roughly  and  a  more  occurate  volume  measurement  should  be  made  after  com¬ 
pletion  of  the  runs  on  xenon.  It  is  important  to  find  o  bias  level  which  can  be  held  constant 
over  a  series  of  runs  because  of  the  sensitivity  of  n  and  T  to  the  bias  level . 

Several  interesting  phenomena  were  observed  during  the  course  of  the  experimental  runs 
which  may  warrant  further  study .  Regions  of  oscillations  were  observed  which  were  quite 
sensitive  to  the  bias  level .  Also  one  run  (8-17.2)  on  G7x  with  the  guard  ring  connected 
to  the  col  ector  showed  oscillations  which  suggest  that  the  tube  might  be  made  to  pulse 
itself  similar  to  the  self-pulsing  operation  reported  by  Schuder.  (®) 


( 
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SECTION  C 


ELECTRON  MOBILITY  IN  GASES 

W.P.AIIis*  and  E .  Jamarson 
General  Motors  Research  Laboratories,  Worren,  Michigan 


Abstract 

Electron  mobility  in  gases  is  on  important  quantity  in  determining  plasma  resistivity 
in  a  weakly  ionized  gas.  Unfortunately  the  literature  does  not  contain  all  values  of  interest 
and  It  Is  sometimes  necessary  to  convert  collision  probability  data  into  mobility  or  drift 
velocity  data.  This  report  summarizes  the  relevant  definitions  and  theory  and  gives  a  com¬ 
pilation  of  mobilities  for  helium,  neon,  argon,  krypton  and  xenon. 

Definition 

The  reduced  pressure  p^  of  a  gas  for  this  report  is  defined  by+: 

PoSSOOpA,^  (1) 

where  p  is  the  observed  gas  pressure,  T,^  the  gas  temperoture  in  degrees  Kelvin,  T  the 

9 

ga$  temperature  in  electron-volts 

11600  (2) 

The  reduced  pressure  is  really  a  measure  of  the  molecular  concentration 

'^g*3.22x  10^^  p^  molecules  cm~3 

when  Pq  is  in  Torr. 

The  misnamed  "probability  of  collision"  is  the  total  collision  cross  section  of 
all  the  molecules  in  a  cubic  centimeter  of  gas  at  one  Torr  reduced  pressure,  so 

PoPc-Hgq  (4) 

P^.«  3.22x  lo'^qcm’’  (5) 

where  q  is  the  cross  section  for  elastic  scattering  (cm^). 


1  a^f]{  consultant  to  General  Motors  Research  Laboratories. 

Brown  defines  p  s  273  p/l^  however  in  this  report  use  is  made  of  drift  velocity  data 
plotted  m  terms  of  the  reduced  pressure  of  equation  (I). 
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The  collision  probobility  is  directly  related  to  the  mean  free  poH' 

I  =  1/p^  cm  (6) 

An  electron  beam  of  intensity  I  is  reduced  by  dt  in  traveling  o  path  dx  (or  o  time 
dts  dx/v)  due  to  collisions 


4ri=-PoPcdx  =  -l4dt 

which  defines  the  collision  frequency 

^c=  Po  •^c  pQ  ^c 


(7) 


(8) 


in  terms  of  the  voltoge  Vjj  used  to  accelerate  the  beam. 

Electron  Mobility  Theory 

The  theory  of  mobility  makes  use  of  o  "collision  frequency  for  momentum  transfer" 
i^m  =  Vc  (1  -cosjJ)  (9) 

which  tokes  no  account  of  smoll  angle  deflections  (0  fttO)  but  counts  large  angle  deflec* 
tions  (0  ^TT/2)  twice.  The  relations  between  ond  the  experimental  P  are 

somewhat  ambiguous  as  the  measurements  do  not  count  small  ongle  deflections  either  due 
to  the  finite  size  of  the  beam  catcher.  It  is  customary  to  neglect  the  difference  between 
l/m  and  and  use  equation  for  either  one. 

The  collision  frequency  acts  as  a  friction  force  on  on  electron  swarm  so  that 
its  equation  of  motion  in  on  oc  field  EelCky^moy  be  written 

'T»dvj|/j»  +  i;^vj=-eEexpj(Jt  (10) 

This  gives  for  the  drift  velocity  of  the  swarm 

e/m 


Vj  =  - 


E  =  -//E 


(11) 


and  hence  for  the  dc  mobility 

w= 


Ve/2m  V, 


m  1/ 


m 


P  P 
0  c 


^  2  1  1 
cm^  volt“l  sec”’ 


(12) 


3 


and 

’•I 

The  collision  frequency  is  o  function  of  the  electron's  speed  v,  that  Is  of  Vjj,  and 

equation  (12)  should  be  averoged  over  a  distribution  function  r(v). 

(2) 

The  current  average  is  derived  from  Boltzmann  theory'  ond  is 

oo 


II.  -t  ^  dv 

m  3  J  l/Jv)  ()v 
o 

If  the  distribution  is  Moxwellion 


(H) 


3/2 


f  = 


m 

TffTr, 


exp 


-VbA. 


(15) 


This  yields 


oc 


(16) 


This  formula  leads  to  Eq.  (12)  when  Is  independent  of  v.  On  the  other  bond  If  the 
mean -free -path  I  =  v/ 1/  is  constant  one  finds^^^ 


M  = 


_  8jr  el 


el  I  m 

"ST  V  27rk  Tj 


(17) 


The  diffusion  coefficient  D  (cm"7  sec’’)  is  obtained  from  the  mobility//  by  the  Einstein 

2 


1  *•  (2) 

relation 


D_ 


m  v  _  j 
TT  -  9 


’(18) 


Mobility  from  Collision  Probobility 

The  distribution  function  f  Is  frequently  not  Maxwellian  and  in  order  to  use 
the  simpler  formula  (12)  and  the  experimental  plots  of  vs.  it  is  necessary  to  be 
able  to  select  the  proper  electron  speed  corresponding  to  a  given  value  of  applied 

field  E/po*  This  can  be  done  in  terms  of  the  equipartitian  theorem. 
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Consider  a  frome  of  reference  moving  with  the  overoge  electron  velocity  vj.  |n 

this  frame  the  gas  hos  a  wind  velocity  -  vj  and  therefore  the  gas  particles  of  mass  M  have 

a  mean  kinetic  energy 

1,2  3  , 

-j  Mvj  +  j  .T^ 

Due  to  collisions  the  electrons  acquire  a  random  kinetic  energy 
-j  m  v2  =  e  Vb 

equol  to  the  meon  kinetic  energy  of  the  particles  with  which  they  are  colliding 

'Vb=  ^  Mv/  +  3 

Equations  (13)  and  (19)  give  the  proper  coordinote  transformations  to  go  from  a  plot  of 
Pc  vs.  to  vj  vs.  E/Pq.  They  may  be  rewritten 


Equations  (20)  and  (21)  can  be  used  to  determine  fJi  p  from  P  and  Vl  . 

"^0  c  b 

Equation  (19)  relates  to  electrons  which  hove  come  to  dynamic  equilibrium  with 
the  gas  through  which  they  are  diffusing.  This  is  not  always  the  case,  particularly  when 
the  electrons  come  from  a  hot  cathode.  Whenever  the  temperature  T_  of  the  electrons 
has  a  constant  known  value  one  should  use  =  3T  Jl  In  equations  (12)  and  (13)  along 
with  a  collision  probability  corresponding  to  this  value  of  Vb-  The  mobility  as  computed 
from  (12)  will  be  a  constant  up  to  a  value  of  E/p^  where  electron  heating  due  to  the  field 
takes  place.  This  is  satisfied  for  a  /i  from  (12)  with  =  3/2  T_. 

^  ,V  e/3  mT. 

Po  Pc  (22) 

Computations 

The  collision  probability  data  of  Ramsauer  and  Kollath(^)  are  used  to  compute  the 

electron  drift  velocity  as  a  function  of  E/p^  using  equations  (20)  and  (21).  Comparison  is 
made  to  the  data  of  Park  and  Phelps(^)  (P*P.)  and  Bowe(^K 
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The  electron  mobility  is  calculated  in  reduced  pressure  units  from: 

pi'  -  ''d  (23) 

Thus  the  mobility  is  given  by 

P  =  jU'^Po)'^  cm2  sec*' volf^  ^24) 

A  compilation  of  oil  the  calculations  is  given  in  Table  1 .  Values  of  p*  are 
given  for  all  the  computed  points  and  p*  is  computed  from  experimental  data  only  in  the 
range  of  ^p^  where  theory  ond  experiment  do  not  agree . 

Helium 

The  P.P.  data  for  electron  drift  velocity  In  helium  ore  shown  in  Fig.  1  with  the 
calculated  values  of  drift  velocity.  Ramsouer's  data  for  P^  are  given  in  Figs.  2  and  3. 

The  points  for  3  <  E/p©  <0.2  ore  computed  from  P^  of  Fig.  2  and  show  good  agreement 
with  data  around  an  E/p^  of  1 .0.  In  order  to  extend  the  analysis  to  values  of  E/p^  <  0.2, 
assumed  values  of  P^  are  used.  Ramsouer's  dato  are  given  only  to  0.25  volts  whereas  cal¬ 
culations  require  P^  for  Vjj  <  0.25.  Consequently  values  of  P^.  and  were  computed  to 
fit  the  analysis  and  experiment  for  E/p^  <0.2  with  T  =  300®K .  The  P^.  values  used  are 
shawn  in  Fig.  3  with  the  resulting  drift  velocity  plotted  in  Fig.  1 .  The  value  for  P.  at 
0.2  volt  is  above  Ramsouer's  data  if  it  were  extrapolated,  however  the  values  at  Vjj  <  0.1 
volt  indicate  a  constant  magnitude  of  20  cm  '  for  P^  which  gives  good  agreement  for  vj 
with  P.P.  data.  This  is  a  reasonable  value  of  P^  on  the  basis  of  the  relative  flatness  of 
Pc  for  V|j  <1  volt. 

Using  these  same  values  of  P^  but  taking  T  =  77®K  gives  good  agreement  between 
the  computed  values  of  vj  and  experiment  as  shown  in  Fig.  1 .  This  agreement  is  consistent 
with  the  conclusion  of  P.P.  who  analyzed  their  data  for  a  momentum  transfer  cross  section 
and  found  it  to  be  constant  for  electron  energies  from  0.003  to  0.05  volts.  This  is  the 
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range  of  voltage  values  over  which  a  constant  was  assumed  as  seen  in  Table  1 . 

From  (5)  the  collision  cross  section  for  o  Pc=  20  as  assumed  In  Fig.  3  is  6.2  x 
-16  2 

10  cm  which  is  in  reasonable  agreement  with  the  value  of  5 .3  x  10’’^  cm2  computed 
by  P.P.  from  their  data. 

Neon 

Drift  velocity  versus  F/p^  Is  given  In  Fig.  4  with  Ramsouer's  dota  In  Figs.  5  and 

6.  Values  of  vj  computed  for  0.05  <  E/p^  <  0.6  are  in  reasonable  agreement  with  P.P. 

data .  Computations  for  E/Po  <  0.05  were  made  using  ossumed  P^  values  for  low  Vl  to  fit 

c  b 

computations  to  P.P.  data.  These  assumed  points  ore  shown  in  Fig.  6  where  a  P^  decreasing 

with  V  produces  the  best  fit  made  for  a  T  =  300*K .  This  dependence  of  P  on  V.  is  con- 

c  b 

sistent  with  the  trend  of  Ramsouer's  data  at  low  however  the  assumed  point  at  0.2  volt 

is  50%  higher  than  Ramsouer's  data.  Applying  these  assumed  volues  of  P^  to  the  theory  with 

T  -  77*K  gives  vj  values  in  Fig.  4  which  show  good  agreement  between  computations  ond 
P.P.  data. 

Argon 

The  drift  velocity  data  for  argon  (Fig.  7)  indicate  a  reversal  in  temperature 
dependence  from  that  of  helium  and  neon  in  that  at  a  fixed  E/p^  the  drift  velocity 
increases  with  gas  temperature.  Ramsouer’s  data  of  Figs.  8  and  10  are  used  to  compute 
values  for  0.01  <E/p^  <1.0  which  exhibit  a  poor  fit  to  the  data  of  P.P.  as  seen  in  Fig. 7. 
To  obtain  a  fit  to  data  for  E/p^  <2  x  10"^  in  the  temperature  dependent  part  of  the  data, 
two  different  values  of  P^.  need  to  be  used  as  seen  in  Figs.7  and  8.  All  of  these  values,  but 
one,  lie  at  voltage  values  below  Ramsouer's  data.  Only  the  trend  of  P^,  which  is  increasing 
for  very  low  V^,  is  consistent  with  Ramsouer's  data  but  the  magnitudes  are  smaller  than  if  his 
data  were  extrapolated.  It  is  noted  that  the  drift  velocity  calculation  is  quite  sensitive  to 
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Pg  as  Ihe  assumed  values  for  these  two  temperatures  are  not  far  apart  over  a  portion  of  this 

voltoge  range.  Two  points  were  computed  to  indicate  the  change  in  P  necessary  to  arrive 

c 

at  a  vj  consistent  with  P.P.  data  for  E/p^^  10”^.  These  are  shown  at  0.4  and  0.8 
in  Fig.  8  to  be  a  factor  of  3  and  2  respectively  higher  than  Ramsauer's  data. 

Krypton 

Ramsauer's  data  for  krypton  ore  given  in  Figs.  9  and  10  and  drift  velocity  in 

Fig.  11.  The  data  for  v^  are  from  Bowe  where  o  log-log  plot  has  been  made  of  his  linear 

presentation  so  that  some  error  moy  exist  in  the  first  part  of  the  curve  at  low  E/p^.  The 

calculated  drift  velocity  using  Ramsauer's  data  for  P  does  not  agree  with  Bowe's  data 

c 

except  at  one  cross  point  for  E/p^  =  1 .7  and  both  curves  are  parallel  over  the  lower  range 
of  E/Pq.  Using  values  of  P^  below  the  Ramsauer  minimum  at  Vjj  =  0.5  volt  results  in  a 
v^  which  decreases  while  E/p^  increases.  Additional  v^  data  are  required  before  estimat¬ 
ing  what  the  magnitude  of  P^  is  at  low  Vjj. 

Xenon 

Xenon  data  for  P^  are  given  in  Figs.  9  and  10  and  drift  velocity  in  Fig.  12. 

Data  for  vjaredueto  Bowe  and  computations  and  results  are  similar  to  those  for  krypton. 
Again  agreement  between  theory  and  experiment  is  exhibited  at  only  one  cross  point  and 
computed  drift  velocity  is  50%  higher  than  Bowe's  data  over  most  of  the  curve. 

Summary 

A  method  has  been  developed  for  converting  electron  collision  probability  data 

to  drift  velocity  which  subsequently  allows  a  mobility  to  be  computed.  Computations  for 
_2 

E/po  >  10  show  good  agreement  with  recent  data  of  drift  velocity  for  helium  and  neon 
whereas  poor  agreement  is  exhibited  for  argon,  krypton  and  xenon.  At  E/p^  <  10”^  insuf¬ 
ficient  collision  probability  data  preclude  making  accurate  computations.  However  fitting 
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drift  velocity  data  with  the  appropriate  indicate  agreement  with  the  extrapolated  trend 
of  the  collision  probability  data  for  helium,  neon  and  argon. 
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TABLE  1  (Continued) 


1  Computed 

7”  Experiment 

Gas 

V 

(volts) 

\] 
(cm  ) 

T 

(•K) 

1  V(j(at  computed 

1  ^P«)(cm  sec-') 

^'(cm2Torr 
volt“1  sec-' 

Krypton 

10.6 

95 

4.9x105 

5.3  - 

—  1 

9.2x10^ 

9 

94 

m 

4.5 

4.4  - 

1  xIO® 

6.25 

88 

• 

3.8 

2.5  - 

1.5 

5x105 

2x10^ 

4 

45 

- 

3 

9.6x10“^ 

3.1 

2.2 

2.3 

2.25 

20 

- 

2.3 

2.3 

1x10^ 

1.6 

7 

1.56 

10 

- 

1.9 

7.9x10-2 

2.4 

1.3 

1.6x10^ 

1 

4 

• 

1.5 

2.1 

7.1 

1 

Xenon 

6.25 

140 

• 

3x105 

3.6  - 

8.3x10^ 

•5x105 

1.4x10^ 

4 

no 

- 

2.4 

1.8  - 

1.3x105 

2.6 

1.4 

2.25 

50 

- 

2 

5.6x10“’ 

3.6 

1.5 

2.7x10^ 

1 .56 

23 

- 

1.5 

1.4 

1.1x10^ 

1.1 

7.8x10^ 

1.0 

8 

1.2 

3.2x10-2 

3.7 

put»d 

puted 


I 


Electron  drift  velocity  in  hel 
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Figure  4  -  Electron  drift  velocity  In  nec 
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Figure  7  -  Electron  drift  velocity  in  argon. 
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Figure  10  -  Collision  probability  in  xenon,  krypton  and  argon . 
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Figure  11  -  Electron  drift  velocity  in  krypton. 
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SECTION  D 


SPECTROSCOPIC  MEASUREMENTS  IN  A  CESIUM  LOW  VOLTAGE  ARC  CONVERTER 
R.  J.  Oonohuc  and  R,  F.  Mojkowski 


ABSTRACT 

The  knowle^  of  the  plasma  parameters  of  a  cesium  low  voltage  arc  thermionic  converter 
IS  essential  for  the  development  of  a  detailed  analysis  of  this  mode  of  thermionic  converter 
operotiw.  A  converter  employing  a  Philips  cothode  os  emitter  and  a  nickel  collector 
graced  2  mm  apart  has  been  operated  in  the  low  voltage  arc  mode  In  the  retarding  field 
(power  produci^ng  region)  ond  accelerating  field  regions.  The  optical  spectra  of  the  plasma 

generated  In  the  arc  was  measured  and  analyzed  to  determine  electron  number  density  and 
electron  temperature . 


INTRODUCTION 

^  operatron  of  a  cesium  diode  In  the  low  voltage  arc  mode  hos  been  discussed  in  the 

j  operation  at  low  emitter  temperoture  (down  to 

1 100»C)  and  low  vopor  pressure  (0. 1  mm  of  Hg).  Operation  of  the  diode  ot  these  low 

proMures  allows  the  emitter-collector  gop  to  be  2  mm  without  appreciable  transport  loss 
in  the  cesium  vapor. 

Pressure  and  emitter  temperature  values  such  as  the  above  preclude  cesium  Ionization  by 
surface  contact  ionization . It  has  been  proposed(3)  that  in  a  low  voltage  arc  the 
sheath  at  the  emitter  is  accelerating  for  emitted  electrons  so  that  Ionization  occurs  In  the 
bulk  of  the  p  asmo  as  a  result  of  electron  impact.  The  potential  diagram  for  this  is  shown 
m  Figure  1  along  with  a  typical  voltage-current  characteristic  for  the  low  voltage  arc. 

In  the  figure  the  arc  fires  at  a  positive  collector  potential,  however,  under  certain  con¬ 
ditions  (namely  higher  emitter  temperature)  the  ore  can  fire  in  the  retarding  region. 

The  use  of  spectroscopic  techniques  to  study  the  cesium  plasma  has  been  developed(^) 
and  IS  applied  to  a  low  voltage  arc  thermionic  converter  described  below.  The  principal 
^lective  is  to  investigate  the  magnitudes  for  electron  temperature  and  number  density 
for  a  characteristic  similar  to  la. 
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Figure  1 

Apporotui 

The  measuremenh  reported  here  were  compiled  on  one  of  several  diodes  being  investigated 
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oire  exists  ot  the  hose  of  the  tube  between  tho  incoming  fllomont  loods^  This  is  bocous^  six 
volts  or  more  ore  required  to  hoot  tho  cothodo,  ond  this  is  enough  voltogo  to  croote  o  cesium 

HoffZ'th-  *|'  “  !S.'  '“bo-  Ob“rvotions  wore  mode  to  determine  whether  tho  rodio- 

tion  from  this  plosmo  wos  detected  by  the  spectiometer  when  the  interelectrode  gop  wos  focused 


3 


Figur*  2 


AUcT'Alir’IL’- «»'  *i.  unwonfd  rodiot!*  wo.  «,t 

^  *•  •""P*™*'"*  chon,td  during  tf..  p«iod  of 

contido^zt  "•  ^ 

Spectroscopic  Theory 

JaTbVl“™ltuV' f  *'  »' '«'« 

riicUrotcMIota  t'  T‘*’  '  '^•“hH'nTy  ^ 

S^rnno  ^  f  r  T  ^  ^  '''"'""•ion  of  Hi.  oiciiiotor 

and  relative  intensity  measurements.  for  aosoiure 

HonsUion?fort™rj',r'  °'  ‘'"’T''  “"O'"  fo<'!««"9  th. 

b.  X?r,.dt  r  TTT"'  "“V  •™'«"fo">  will  not 

reversed  in  the  cold  cesium  layer  between  the  plasma  and  viewing  port.  Also  in  low  tern- 

ptur.  plormos  th.*  Iin.s  will  not  b.  significontly  *v.r,.d  in  th.  pLo  iMf  A  shJio 

irffe  K  'r  "«tu,.m.nts  .nd  ,  poir  of  lin.Tw!*  o  lol  ^Zy 

differenc.  between  the,,  upper  stores  should  be  chosen  for  the  relative  intensity  meoLremenh^ 

(  lorge  energy  gop  leads  to  on  occurote  evoluotion  of  the  electron  temperotur^) .  The 


4 


2  2  • 

^  h/f*^  03,58W)wo«  iMdfer  Hwobiolgtt  Inf«Mlty  iiwawrwrwnhfliKi 

IW.  Iln.  wot  cofflbiMd  wlH.  Ihe  8  ^Dyj-.  6  \  hxmltton  (MIOA )  fc,  riw  ralotiv.  intwiity 
measurements.  '  '/*  ' 

The  Intensity  ratio  of  any  two  optically  thin  lines  is;^^^ 

isL.i!!!-  ( 

I-'l'  Vu'  (y„'|')' 

where  T  is  the  electron  temperature  In  o  collision  dominated  plasma  and  the  subscripts  u  and  I 
refer  to  the  upper  ond  lo'ver  states  of  the  transition. 

The  oscillator  strengths^^  for  the  pair  of  lines  chosen  are: 

fyl  03,589).  0.171 

and  fy',' (6010)  =  0.0419 

Therefore,  equation  (1)  becomes:  (Qj  =  Qj') 


iL 

9.' 


•<^"^')AT 


0) 


and 


^ul 

T  '  ' 
^u  I 


bL 

I  '  ' 

X,.  I 


L^i 

I  .0419  / 


(.0875)  e 


1.34x10 

- T — 


1 .34  X  10 
0.357  e  — TTO" 


(2) 


Figure  2  is  a  plot  of  Eq.  2  os  a  function  of  T.  If  the  electrons  ore  Maxwellion  and  the  electron 
states  are  populated  according  to  Boltzmann  statistics,  the  Saha  equation  can  be  used  to  yield 
the  electron  number  densities. 

The  Saha  equation  is: 


N. 


29: 


10 


N, 


-11 

2.41  X  10  T  e  - ^ - 


(3) 


where  number  density  of  atoms  in  the  ground  state 

gio=  statistical  weight  of  the  ground  state  of  the  ion=  1 
g^  =  statistical  weight  of  the  ground  state  of  atom  =  2 
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V|  s  ionization  potontiol  of  cotium 


TT 


8TrN,< 


2.Wk  I0“* 


(4) 


Ax  it  0  factor  which  roducet  th«  efftctivo  ionizotion  potontiol  bocouio  of  tho  protonco  of 
ioni.P) 


For  ,  10  and  T  *  3000»K,Ax  =  5.3  x  I0"3  ov.  Thii  voluo  is  nogligiblo  comporod  to 
Vi  and  will  bo  nogloctod  tinco  tho  plosmos  gonorotod  in  tho  low  voltogo  ore  hovo  voluot  of 
N,-~10'^ondT^2700»K. 


Tho  Soho  oquotion  it  rowritton: 

N/.  2.41  X  10'*  $  A  (I)  (5) 

S  A  (T)  s  and  p|oH«d «  a  function  of  T  In  fig.  3. 

Through  tho  uto  of  Eqi.  2  ond  5,  tho  task  of  mooturing  tho  tofflporalUrot  and  .domitiot  6f  tho 
oloctfom  r#kicos  to  tho  moosuromont  of  tho  ratio  of  tho  G  13,589A  lino  to  tho  G  4010A 

lino  ond  tho  moosuromont  of  tho  obsoluto  tntonsity  of  tho  13,^  I  lino.  fN  Is  ralotod  to 
tho  obsoluto  intonsity  through  Eq.  10.)  '  o 

Kolotivo  Intonsity  Glibration 

A  tungsten  ribbon  filament  lamp  calibrated  for  brightness  by  The  National  Bureau  of  Stond- 
ards  was  used  to  calibrate  the  spectrometer  detecting  equipment.  The  Intensity  of  radia¬ 
tion  is  given  by  Planck's  black  body  formula  with  a  suitable  emissivity  value  for  tungsten. W 
The  brightness  temperature  listed  is  the  value  for  T  used  in  the  formulo. 


The  Stondard  lamp  was  operated  at  a  brightness  tomperature  of  1500*C  ond  tho  radiation  was 
detected  with  a  RCA  1P28  photomultiplier  at  6010a  and  a  load  sulfide  coll  at  13,589j(.  The 
ratio  of  the  readings,  R,  on  the  recording  unit  for  continuous  radiation  is: 


G  is  the  amplification  factor;  the  primes  refer  to  radiation  at  601 OA,  and  (X  is  tho  relative 
response  of  the  two  detectors  at  these  wavelengths.  Figure  4  shows  tho  dispersion  of  radiation 
at  the  exit  slit  of  the  monochromator  as  a  function  of  wavelengths . 


From  thoM  data: 


6 


j”^^j  =  ^  t/6U.  of  rocording  papor 


=  22.5  Vdiv.  of  rocording  paper 
Table  I  liiti  the  doto  token  for  thli  calibration: 

TAilE  I 

,  >  Coin 

i3187a  ^  13 

6,010  i  53  8 


IL 


2.1  X  10  ergv'cm^toc-fter 
9.6x109  ergi/cm2.|oc-«ter 


Substitution  of  this  data  Into  Eq.  6  yields:  0(s  0.00191 
Temperature  A^eosurement 

Iti.  int.n.lly  ratio,  of  Ita  I3,5W  A  lU  to  Hw  MIO  X  lln.  w.ra  nMtorad  for  Ih.  died,  chorac- 
rtnjte  l',W  .n  Tabl.IL  todratloo  fra«  ih.  A,«ra  ImioH.  of  Ihb  iMMUdtrtd.  gop  «.  d.l.el.d 


Diode 

Characteristics 

V(Volts)  X(Amps)  R|3  ggya  R 


table! 


-TJT 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 


ITT 
0.525 
0.6 
0.655 
0.70 
0.755 
.80 


22 

26 

28.9 

31.7 

34.5 

37.3 


■6,010=  »' 

RA' 

H’ 

T( 

OTSTT" 

“45" 

”27ST 

39.3 

0.56 

46.5 

2770 

45.0 

0.577 

48 

2760 

50.0 

0.577 

48 

2760 

53.8 

0.59 

49 

2740 

56.5 

0.611 

50.8 

2720 

59.5 

0.626 

52 

2720 

The  equation  which  relates  the  ratio  of  the  line  intensities  is- 

i 

n. 


I  _Jline  6 A, 


ijaX 


=  a''-i  2 

R'  G' 


/  i  =  82.7  i 

'  r  R‘ 


Using  Eq.  7  and  Fig.  2,  the  temperatures  were  computed  and  listed  in  Table]!. 


(7) 
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Abiolutt  Inttmity  GiUbrotton 

Th«  obiolutt  Intimity  of  o  lint  it  dtttrminod  by  comparing  iti  inttmity  with  tho  intimity  of  thi 
ttondord  lomp  at  tho  lomt  wovilingth  ovtr  o  iuit<d)lt  woviltngth  Intirvoi .  If  tho  ixtimol  gtomf 
trios  of  tho  lint  louret  (ploimo)  and  tho  continuous  touret  (ttondord  lomp)  ort  tho  tomt,  tht  rtlo- 
tlon  btiwttn  tht  lint  inttmity  ond  ttondord  lomp  inltmltitt  for  o  tptctromtttr  whoit  txit  slit 
width  it  widt  tnough  to  Inciudt  tho  tntirt  lint  (tht  tptctromtlor  uttd  totitfiti  thttt  eonditiom) 
it: 


whtrt  h  ond  SW  art  tht  height  and  width  of  tht  tiit  rttptctivtly^  I  rtfort  to  tht  lint  and  tl  to 
tht  standard  lomp. 

Tht  data  for  tht  calibration  ort  tht  following: 

\\ 

•-I 


:  I 
s  2  mm 


(sw)|  =  an  *• 

it  colculottd  in  tht  following  monntr: 


G,l 

3  13 

G| 

3  12 

U 

3  37  A 

lA 

.2.1x  10^^ 

».i 

364 

100^  exit  slit  width. 

Thertfort: 


AA(I3,589A)«  AA(d000A)  25li 

(AA^S)’ 

or,  AA(13,589A).  37  A  for  on  txit  slit  width  of  25^ 't. 
ji\4-  400  lt|  trgv'cm^-»tc-tttr . 


(9) 


Electron  Number  Dtmity  Colculgtion 

density  of  atoms  in  the  ground  state  must  be  calculated  to  utilize  the  Soho  emotion 
density  evoluotiom.  The  intensity  of  radiation  for  an  optically  thin  line  is:' 


The  number 
for  electron 


me 

An  evaluation  of  the  constants  and  parameters  for  the  13,589  line  yields: 

^-5 


/t)  dA=  Nq  ^'.^-^.12 —  i  fly  e-"^  I  ergv'cm^-sec-ster. 

J  A  gy 


(10) 


8 


and,  where  ^1$  in  mlcroro  and  I  in  cm. 


r  -26,700 

j  I,  4  =  N.  7.18  X  10-7  . 

'3,M7a 


01) 


f  \  7  ■3<.700 

13  M  =  ^ 


over 


(12) 


Sobitifoting  Eq.  (12)  into  Eq.  (9)  yields: 
480x  10^ 


N„  = 


26,700 


2.15 


,,<.t<»Vcm^2.23,lo».  ^  ,,oto«v'cm 


03) 

Ilm  "’i  "*1 1  !I“  <■'«"»  witk  No  and  H..  „li»,  .f 

SA(T)  and  N.  calculated  using  these  data  and  Eq.  (5),  Since  these  values  w«r«  ^  t _ 

maa.u«™.n6  of  H«  radiation  ononotin,  frao.  th.  «,iira  int«,l.clrai^T,t^,  fcL  ^  . 
ovara,.  voio..  fo,  d,.  plorax. .  W  H»,  m»,  b.  can.id.rad 

taile  nr 

Np  (otomy^cm^) 


Diade 

Characteristics 
V  (volts)  I  (amps) 


-0.2 

0.0 

0.2 

0.4 

0.6 

0.8 

1.0 


0.40 

0.525 

0.60 

0.655 

0.70 

0.755 

0.80 


T(*K) 

2760 

2770 

2760 

2760 

2740 

2720 

2720 


6.2  X  I0l< 
7.1  X  lOl^ 
9.45  X  lo’^ 
10.5  X  10 
12.4 X  10 
14.3  X  lOl^ 
15.4 X  lO’^ 


:=f 


N,  , 


N. 


1.72x10 
2.14 
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1. 1^x10 
1.25x10-2 

1.15x10-2  2.62 
1.15x10“2  2,91 
l.Ox  10-2  3,0 
.84x10"^  2.9 
.84x10-2  3.12 


7B 


1.31x10 

1.46 
1.62 

1.71 
1.73 
1.71 
.1.77 


T4' 


0.075 

0.065 

0.101 

0.11 

0.12 

0.13 

0.135 


Fisvr.  5  i<  a  piot  of  I,  N,,  and  I  a.  a  function  of  voitoga. 
from  th.  Soh^- «,«.,ion.  '  *"•"/  “'o-l-tad 


Pressure  Calculation 


The  cold  spot  temperature  of  the 
pressure  of  6x  10"2  mm  of  Hg. 


cesium  bath  was  195«C.  This  corresponds 
The  pressure  in  the  plasma  should  be: 


to  a  cesium  vapor 


P  =1*036x10-1^  T..  N.  7 

I  •  I 


I 


™i.o  10  0.  mfl»ot  lb,  both  («8*K)  ond  riw  •ImItmi  Impmbir,  to  b*  riw  value  of  T  iMaiui.d . 
Now,  III,  total  number  of  atoms,  N-  Is: 


Thtrtfbre, 


-No  ,  for  T  =  2750*K 


P=(NotN,)Tb  +  N.T, 


TjjS  bath  temperatura  and  T.s  T 

o 

i.e.  for  the  0.4  valt  -  0.655  amp  dota: 

P=l.036x!o”  (1.7(2750)  + 12  (4d8)]  ,10^ 
=1.034x10-5  [4.47,103  +  5.7,, o3] 


=  0.11  mm  af  Hg. 

Toble  HriUti  the  pressure  os  a  function  of  the  diode  chorocterlstlcs . 
Conclusions 


^  "P™**  ">•  ™l«»  determined 

ever  tb.^lr!l!(*  ^'’‘’°P'"™*"'‘’l>l>«"'»«*ilortiotethevolue.  How- 

tonsL^tob.1  T  ?  T  *>«  "O'  ogre,  witbT 
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SECTION  D 


SPECTROSCOPIC  MEASUREMENTS  IN  A  CESIUM  LOW  VOLTAGE  ARC  CONVERTER 
R.  J.  Oonohu*  ond  R.  F.  Mojlcowski 


ABSTRACT 

Th«  knowledge  of  the  plasma  parameters  of  a  cesium  low  voltage  arc  thermionic  converter 
IS  essential  for  the  development  of  a  detailed  onolysis  of  this  mode  of  thermionic  converter 
operation.  A  converter  employing  a  Philips  cothode  as  emitter  and  a  nickel  collector 
^ced  2  mm  aport  has  been  operated  in  the  low  voltage  ore  mode  in  the  retarding  field 
(power  pro^cing  region)  ond  accelerating  field  regions.  The  optical  spectra  of  the  plasma 

generated  in  the  arc  was  meosured  and  analyzed  to  determine  electron  number  density  and 
electron  temperature .  ' 


INTRODUCTION 

^  operatran  of  a  cesium  diode  in  the  low  voltage  arc  mode  has  been  discussed  in  the 

voltoge  arc  allows  operation  at  low  emitter  temperature  (down  to 
1  IOO«C)  and  low  vapor  pressure  (0.1  mm  of  Hg).  Operation  of  the  diode  ot  these  low 

prewures  allows  the  emitter -col  lector  gap  to  be  2  mm  without  appreciable  transport  loss 
in  the  cesium  vapor. 


Pressure  and  emitter  temperature  values  such  as  the  a^ve  preclude  cesium  ionization  by 
surface  contact  ionization.'  '  It  has  been  proposed^)  that  in  a  low  voltage  arc  the 
sheath  at  the  emitter  is  accelerating  for  emitted  electrons  so  that  ionization  occurs  in  the 
bulk  of  the  p  asma  as  a  result  of  electron  impact.  The  potential  diagram  for  this  is  shown 
in  Figure  1  along  with  a  typical  voltage -current  characteristic  for  the  low  voltage  arc. 

In  the  figure  the  arc  fires  at  a  positive  collector  potentiol,  however,  under  certain  con¬ 
ditions  (namely  higher  emitter  temperature)  the  arc  can  fire  in  the  retarding  region. 


The  use  of  spectroscopic  techniques  to  study  the  cesium  plasma  has  been  developed^ 
and  IS  applied  to  a  low  voltage  arc  thermionic  converter  described  below.  The  principal 
^jective  is  to  investigate  the  magnitudes  for  electron  temperature  and  number  density 
tor  a  characteristic  similar  to  la. 
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Figurt  1 

Appqrotus 

The  meaiur*menh  reported  here  were  (^iled  on  one  of  several  diodes  being  investigated 
for  low  voltage  arc  mode  operation. W  Although  optical  measurements  were  made  on  several 
tubes  diode  C16x  provided  the  most  complete  set  of  data .  These  tubes  failed  after  some  10 
to  20  hours  of  operation  due  to  the  cesium  vopor  ottock  on  the  nonex  presses.  These  presses 
were  used  In  lieu  of  cesium  resistant  seals  presently  under  development. 

The  C16x  diode  consists  of  a  3  mm  o.d.  Philips  cathode  emitter  and  13  mm  diameter  nickel 
collector  spaced  2  mm  apart.  Cesium  vras  generated  after  processing  the  tube  os  o  vocuum 
tube  by  firing  cesium  chromate  pellets  which  are  situated  in  an  orm  attached  to  the  side  of 
l^e  tube,  The  diode  vras  operated  in  an  oven  where  cesium  bath  temperature  was  controlled 
by  a  Copacltrol  thermocouple  controller.  Both  temperature  wos  adjusted  to  allow  the  diode 
to  operate  in  the  power  producing  ragion . 

Figure  2  illustrates  the  circuit  employed  for  recording  the  V-l  characteristic  on  on  oscillo¬ 
scope.  The  filament  was  heated  with  half  wave  o.c.  and  the  V-l  trace  recorded  during  the 
off  time  of  the  heating  pulse  by  using  a  blanking  circuit  on  the  intensifier  In  the  oscilloscope. 

The  optical  measurements  were  carried  out  in  the  Physical  Electronics  Laboratory  using  the 
Perkin-Elmer  spectrometer.  The  plasma  was  viewed  through  a  small  hole  in  the  oven  and  the 
p  asma  in  the  entire  interelectrode  gap  was  focused  on  the  slit  of  the  spectrometer.  A  plasma 
al»  exists  at  the  base  of  the  tube  between  the  incoming  filament  leads.  This  is  because  six 
volts  or  more  are  required  to  heat  the  cathode,  and  this  is  enough  voltage  to  create  a  cesium 
discharge  at  the  base  of  the  tube.  Observations  were  made  to  determine  whether  the  radia¬ 
tion  from  this  plasma  was  detected  by  the  spectrometer  when  the  interelectrode  gap  was  focused 
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Figura  2 


on  the  spectrometer  slit.  These  observations  indicated  that  this  unviranted  radiation  vras  not 
detected.  Also,  the  intensity  of  the  Cs  4555X  line  was  observed  os  a  function  of  time  by 
means  of  on  oscilloscope  tracing  of  the  output  of  the  photomultiplier  detector.  This  was  done 
to  see  whether  the  intensity  ond  hence  the  plasma  temperature  changed  during  the  period  of 
the  cathode  heating  cycle.  No  change  in  this  intensity  was  observed  during  this  cycle  so 
that  it  is  assumed  that  the  plasma  parameters  ore  independent  of  the  heating  cycle  ond  con  be 
considered  to  be  constant  with  time. 

Spectroscopic  Theory 

Recent  theoretical  calculations  of  the  oscill^r  strengths  of  many  spectral  lines  of  cesium 
hove  been  made  by  P.  Stone  of  Los  Alamos.'  '  The  last  reported  spectral  measurements  made 
at  our  laboratories  used  the  principal  series  of  cesium^^)  since  these  lines  were  the  only  ones 
for  which  the  oscillator  strengths  were  known.  However,  the  principal  series  lines  (nP>6S]y'2 
transitions)  are  self  reversed  because  the  lower  stote  is  the  ground  state  of  the  atom  and  the 
intensity  of  these  lines  must  be  corrected  for  this  effect.  The  evaluation  of  the  oscillator 
strengths  for  lines  from  other  series  allows  a  choice  of  non  principal  series  lines  for  absolute 
and  relative  intensity  measurements. 

Figure  3  is  a  display  of  some  of  the  electronic  states  of  cesium  with  the  arrows  indicating  the 
transitions  for  some  of  the  more  prominent  lines.  Lines  from  5”*P  or  D"^P  transitions  will  not 
be  reversed  in  the  cold  cesium  layer  between  the  plasma  and  viewing  port.  Also,  in  low  tem¬ 
perature  plasmas  these  lines  will  not  be  significantly  reversed  in  the  plasma  itself.  A  strong 
line  should  be  used  for  absolute  intensity  measurements  and  a  pair  of  lines  with  a  large  energy 
difference  between  their  upper  states  should  be  chosen  for  the  relative  intensity  measurements 
(a  large  energy  gap  leads  to  an  accurate  evaluation  of  the  electron  temperature).  The 
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2  2 

7  S,/2~^  6  tronsition  (13,589A  )  wot  uMd  for  th«  abiolutt  inttnsity  iiMoturMiMti  (md 
this  line  wa,  combirred  with  tht  8  2d,  .,-^6  2p.  t^niltlon  (6010A  ^  fer 


2-  -^2^ 

1/2  tronsition  (13,589A  )  wot  mod  for  tho  oBk 

Tho  intensity  rotio  of  ony  two  opticolly  thin  lines  is:^^^ 

^  ^lu  (  ^ul)^  ®|  ■^^u"V)AT 

Ix'i'  Vu'  (i^  ’  •  <’> 

*Ure  T  ii  th.  t.mp.rah,r.  in  a  collhlon  dominoM  plom  ond  th.  subKriph  u  and  I 

refer  to  the  upper  ond  lo- ver  stotes  of  the  tronsition .  u  ono  i 

The  oscillotor  strength/^  for  the  pair  of  lines  chosen  ore: 

fy,  (13,589)  *  0.171 

and  fy*,' (6010)  =  0.0419 

Therefore,  equotion  (1)  becomes:  (g^  =  g^i) 


ond 


*ul 
T  '  ' 


0.171 

.0419 


1 


ul 


I  '  ' 
I 


0.357 


1.34x10 


(.0875)  e 


1.34x10 

■"’W 


(2) 


Figure  2  is  o  plot  of  Eq.  2  os  o  function  of  T.  If  the  electrons  ore  Moxwellion  ond  the  electron 
stotes  ore  populoted  occord.ng  to  Boltzmonn  stotistics,  the  Soho  equotion  con  be  used  to  yield 
the  electron  number  densities.  ' 


The  Soho  equotion  is: 


N 


e 


29: 


10 


,.15.3/2  -(Vi-Ax) 

2.41  X  10  T  e  - y - 


(3) 


where  N^s  number  density  of  otoms  in  the  ground  stote 

910=  statistical  weight  of  the  ground  state  of  the  ion=  1 
g©  =  statistical  weight  of  the  ground  state  of  atom  =  2 
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Vj  .  ionization  potontiol  of  cotium 

-><iAx.  _  ,2 


stTn, 


'vGi“ 

^tck) 


Ax  ...  Ibc. Whid.  «*,C  .,hcHv. 

Tho  Soho  oquotion  it  rowrittM: 

N,  «  2.41  X  lo'*  S  A  (T) 

wh.™  S  A  (I)  =  tV2  .-V.AT  ^  ,,  T  .n  F.,.  3. 

7N?.».tSo 

Kolotiv  Intontity  Colibrotion 

tion  is  given  by  Planck's  black  boW  (  i  . .  •<!|wip*»»ent.  The  intensity  of  radio- 

ratio  of  Ih.  ,,  on  Ih.  racordn,  unit  fo,  eontinuou.  radiotion  ..:  00) 


a  i. 


Mi 

All 


«»...i,«..ffc_..*i™.„,.  J5.  *.  *n«i-  <  »»». 


From  thoM  data: 
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[-^)  =  iS  ^dlv.  of 


rtcording  paptr 


I  =  Vdiv.  of  rtcording  paptr 
Tobitl  liiti  th#  data  taker)  for  this  coltbration: 

TASIE  I 

Goin  _ 

2.1  X  10  trgv'cmS-itcttar 


Lir)t  e 

T375Bn  TT 

6,010  i 


53 


13 

S 


9.6x109  trgv'cm^-itc-star 


Substitution  of  this  dota  into  Eq.  6  yields:  Ots  0.00191 


Temperoture  A^eosurement 


The  intemity  ratios  of  the  13,589  A  line  to  the  6010  X  line  were 

teristics  listed  in  Table TT  *.  ..  » • .  ”*  •"•osured  ter  the  diode  charoc- 


Diode 

Characteristics 


.U- 


0.0 

0.2 

0.4 

0.6 

0.8 

1.0 


0.525 

0.6 

0.655 

0.70 

0.755 

.80 


22 

26 

28.9 

31.7 

34.5 

37.3 


*  *^6.010=* 
~irs — 

Ml' 

b.i/6 

39.3 

0.56 

46.5 

45.0 

0.577 

48 

50.0 

0.577 

48 

53.8 

0.59 

49 

56.5 

0.611 

50.8 

59.5  0.626 

ratio  of  the  line  intensities  is: 

52 

I  =  oc-'l  G 

^  /  II  dA  R'  G 

Mine  ^ 


TCK) 


2770 

2760 

2760 

2740 

2720 

2720 


^=82.7  i 

‘  r  R' 

Using  Eq.  7  and  Fig.  2,  the  temperatures  were  computed  and  listed  in  Table  It. 
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Abiolutt  Inttwlty  Collbrqtlon 

i'*  ‘•y  Ih  Initmlly  with  Ih.  Intmtiy  of  Iho 

tJ h.lw^.ll.Tr-  - ^  eon. «««  «„«,  loop)  <»  Ih.  nmo,  Ih.  nl.. 

dih  wido  enough  lo  Ineludo  iho  onllio  lino  (Hi.  ipoelteiMlor  und  nllinoi  Ihow  conditions) 


thTIL*" tils'.  *" •'**' »'  *•  •*"  I  I.hr.  I.  Ih.  lino  <nd  si  lo 

Th«  dolo  for  lh«  oolibration  ora  tho  fbllowingt 

>,|  =  1  mm  0,1  a  13 
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(SW)|,s50^'i  J^/la37A 
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<$W),, »  MU 's 
(SW)|  s  2SU 's 


•I 

calculottd  in  tho  following  monnor: 

AAotdOOoX  li51.2A  for  100^  ox  it  lilt  width. 
AA<I3,589A),AA(6000;)  (^'Vi^S)  25U 

(AA^s)' 

or,  A  A  (1 3, 589  A)  ■  37a  loronMitslllwldIhof  2S|/'s. 

Thereforo:  jX^d^m  480  R|  •rgy'^cm^noettor .  ^9| 

^j^£h[on_Nuni^r  Donsity  Colculotion 

Tho  numbor  doniity  of  atoms  in  tho  ground  stoto  must  be  coicuiotod  to  utilizo  tho  Soho  eouation 
for  oloctron  donsity  ovoluotions.  The  intensity  of  radiation  for  on  optically  thin  lino  is:^ 

/lA-A=i,  =  i2r4!^  ^  f,u.-^-^^oi 

me  % 

An  ovoluotion  of  tho  constants  and  parameters  for  tho  13,589  line  yields: 

f 
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-f-A  •  ®  - rs -  -  'lu*-  I  •fSV'em'-s.c-st.r.  110) 
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and,  where  A'S  in  mictons  and  I  in  cm. 

-26,700 

J  Ijk  dA  =  Nq  7.18  X  10  ^  e  ^  I  erg%/cm^ 
13,M9a 


-lec-tter 


(11) 


The'diameler  of  the  cathode  was  3  mm.  Therefore,  if  the  plasma  is  assumed  to  be  uniform  over 
this  width,  I  equols  3  mm,  so  that: 

•26,700 


/~/o, /uu 
I)  dA  3  Nq  2.15  X  10  ^  e  t  ergs/( 
13,^91 

Substituting  Eq.  (12)  into  Eq.  (9)  yields: 


cm^-sec-ster 
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No  = 


480 X  10^ 
2.15 


26,700 


26.700 


®  t  |{|  otom^/cm  -  2.23  x  10^  e  R|  atomv^cm 


(13) 


Table  Ulis  a  listing  of  the  diode  chorocteristics  and  temperature  along  with  Nq  and  the  values  of 

SA(T)  and  N. calculated  using  these  data  and  Eq.  (5).  Since  these  values  were  determined  from 
measuremenn  of  the  radiation  emonating  from  the  entire  Interelectrode  gap  they  must  be  considered 
average  values  for  the  plasma.  (Filoment  temperature.'was  1100»C.) 

Diode  table  JT 


Characteristics 

V  (volts)  I  (amps) 

TCK) 

Nq  (atomv^cm^) 

(•Kr^ 

V, 

1 .72x10* 

(cm-3)  ( 
1.31x10^^ 

P 

mm  of  HhB. 

-0.2 

0.40 

2760 

6.2 X  lOl^ 

l.WxlO"^ 

0.075 

0.0 

0.525 

2770 

7.1  X  lOl^ 

1 .25x10-2 

2.14 

1.46 

0.085 

0.2 

0.60 

2760 

9.45  X  lO'^ 

1.15x10-2 

2.62 

1.62 

0.101 

0.4 

0.655 

2760 

10.5 X  lol^ 

1.15x10"2 

2.91 

1.71 

0.11 

0.6 

0.70 

2740 

12.4 X  lo’^ 

l.Ox  10-2 

3.0 

1.73 

0.12 

0.8 

0.755 

2720 

14.3  X  lOl^ 

.84x10"^ 

2.9 

1.71 

0.13 

1.0 

0.80 

2720 

15.4 X  lOl^ 

.84x10-2 

3.12 

1.77 

0.135 

Figure  5  is  a  plot  of  T]  N  ,  and  I  as  a  function  of  voltage. 

was  also  determined  roughly  by  counting  the  number  of  lines  which  appear  in  the  sharp  series 
(S-P  series).  This  lnglis-Telier(^)  method  of  determining  the  electron  number  yielded  a  value  of 
Ng  of  1 .75_^0.25  X  lOl^  cm ”3^  jj,jj  nyn,ber  ogrees  with  the  electron  number  density  calculated 
from  the  Saha  equation. 


Pressure  Calculation 

The  cold  spot  temperature  of  the  cesium  both  was  195*C.  This  corresponds  to  a  cesium  vapor 
pressure  of  6  x  10~7  nim  of  Mg .  The  pressure  in  the  plasma  should  be: 

P  =1.036x10-19  E.  N:  T. 

I  ■  I 
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Now,  th«  total  number  of  atoms,  Nq  is: 


Therefore, 


r 

No  =  Nojlti:^,  -Et/''Tj 

1  9q  J 

No  ,  for  T  =  2750»K 

P=(No  +  N.)Tb  +  NeTo 

Tb  =  both  temperature  and  T  =  T 

0 


i.e.  for  the  0.4  volt  -  0.655  amp  data: 

P  =1 .034  X  lo”  (l.7  (2750)  +  12  (448)]  x  1o'< 

=' -034  X  10-5  [  4.47  xl03  +  5.7  x  lO^j 
=  0.11  mm  of  Hg. 

Tabl.]II  ||,h  H,.  pr.au,.  „  ,  diod.  cl»racf.,i,iie,. 

Conclusions 

from  Ih.  *?n *'°"|  °°T‘ 

ever,  the  increase  in  the  atom  number  density  with  i  °  substantiate  the  value.  How- 

constant  total  pressure  for  the  cesium  atoms  voltage  does  not  agree  with  o 

only  +  17»C  would  be  enough  to  yield  th#  h*  h  r  ^  temperature  of 

It  I.  difficult  ,0  p,.dic,  wMch  vuLr  ort  i„.;t“  r  Z' 

»'  --v  of  .'fTo/rc.:  :t  *>' 
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SECTION  E 


URANIUM  CARBIDE-RHENIUM  CERMET  EMITTER 
Robert  F.  Hill  and  Fay  E.  Gifford 


AAiterial  Development  -  R.  F.  Hill 

The  development  of  uranium  carbide  emitter  materials  for  use  in  the  noble  gas  plasma 
diode  thermionic  converter  has  been  completed  ond  reported  In  a  poper  written  during 
this  report  period. v) 

During  the  development  program  both  ceramic  and  cermet  type  materials  were  investi¬ 
gated.  The  ceramic  materials  Investigated  were  pure  UC  and  the  mixed  carbide  UC- 
ZrC.  The  cermet  materials  Investigated  contained  80  volume  percent  UC  dispersed 
In  either  niobium,  molybdenum,  tungsten  or  rhenium.  The  reactivity  of  the  metal 
matrix  with  the  uranium  carbide  at  1700*C  decreased  In  the  following  order:  niobium, 
molybdenum,  tungsten  and  rhenium.  Thus  a  reference  emitter  material  containing 
80  v/o  UC  -  20  v/o  Re  was  selected  for  use  In  the  noble  gas  plasma  diode. 

A  photograph  of  a  completed  emitter  is  shown  in  Figure  1 .  The  emitter  disk,  contain¬ 
ing  a  UC-Re  core,  was  clad  with  niobium.  A  one  mil  tungsten  foil  diffusion  barrier 
was  placed  between  the  core  and  cladding  in  order  to  prevent  the  diffusion  of  carbon 
from  the  uranium  carbide  particles  Into  the  niobium.  If  the  carbon  was  allowed  to 
diffuse  from  the  core  to  the  cladding  the  uranium  carbide  could  eventually  be  reduced 
to  metallic  uranium  which  would  be  a  liquid  at  the  operating  temperature  of  the  emit¬ 
ter  (1700»C). 

The  emitter  disk  was  fabricated  by  the  gos  pressure -bonding  process  that  was  developed 
by  Battelle  Memorial  Institute.  This  pressure -bonding  process  is  a  very  suitable  method 
for  fabricating  the  clad  cermet  emitter  structure  since  both  bonding  and  densification 
can  be  accomplished  in  a  one -step  operation. 

The  photomicrograph  Insert  In  Figure  1  shows  the  UC-Re  structure.  The  rhenium  Is 
shown  os  the  massive  white  phase  while  the  uranium  carbide  Is  shown  as  the  dark  phase. 
The  presence  of  the  white  acicular  phase  In  the  uranium  carbide  Is  due  to  the  formation 
of  uranium  dicarblde  (UC2)  resulting  from  excess  carbon  In  the  emitter.  Even  though 
the  rhenium  does  not  form  a  stoble  carbide,  carbon  can  diffuse  through  the  rhenium 
quite  readily.  Thus  the  tungsten  layer  between  the  core  and  cladding  Is  quite  Impor¬ 
tant  In  order  to  prevent  the  decarbonization  of  the  core.  Apart  from  the  carbon  diffu¬ 
sion,  the  UC-Re  core  has  been  shown  to  be  quite  stable  at  temperatures  up  to  1700*C. 

Reference 

1 .  R.  F.  Hill,  "The  Development  of  Emitter  Materials  for  use  In  the  Noble  Gas  Plasma 
Diode"  presented  at  Symposium  on  Thermionic  Power  Conversion,  at  Colorado  Springs, 
Colorado,  May,  1962,  and  to  be  published  In  the  Journal  of  Advanced  Energy 
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carbon  in  the  emitter. 
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Thermionic  Emission  of  UC-Re  -  F.  E.  Gifford 

Measurements  of  the  thermionic  emission  from  UC-Re  emitters  hove  been  conducted  under 
vacuum  and  field  conditions  which  allow  making  on  estimate  of  the  work  function. 

UC-Re  emitter  samples  were  employed  that  hod  a  configuration  os  shown  in  Figure  2. 


These  samples  were  mounted  on  a  tungsten  plate  and  indirectly  heated  by  electron  bom¬ 
bardment  from  a  thorlated  tungsten  filament.  A  tungsten  collector  with  a  large  mass 
^s  located  approximately  1  mm  from  the  emitter.  The  large  mass  offered  low  thermal 
inertia  to  minimize  any  pressure  rise  due  to  electron  bombardment  heating  of  the  collector. 

The  emitter,  collector  and  heater  were  mounted  In  a  vacuum  bell  jar  in  which  the  ultimate 
pressure  realized  was  10’®  Torr.  During  the  time  when  the  emitter  was  at  high  temperature 
the  pressure  rose  to  5  x  10’^  Torr. 

Thermal  emissivity  measurements  were  obtained  on  the  UC-Re  disc  by  means  of  a  hohlraum 
in  the  emitter  body.  The  hohlraum  was  made  by  an  electrical  discharge  machining  process 
and  had  a  dimension  of  0.010  in.  diameter  by  0.060  inch  depth  approximately.  Figure  3 
shows  the  emissivity  values  over  a  temperature  range  of  1000  to  1750®  K .  A  value  of  0.5 
appears  to  be  a  reasonable  number  for  the  emissivity  of  UC-Re.  This  emissivity  correction 

was  applied  to  the  observations  of  brightness  temperature  during  the  emission  measurements 
on  a  solid  UC-Re  disc. 

The  saturated  current  density  was  extrapolated  from  the  Schottky  plot  using  a  slope  at  the 
highest  value  of  field  corresponding  to  the  observed  temperature.  This  method  has  previ¬ 
ously  been  employed  for  a  UC-Nb  emitter. Leakage  current  from  the  heater  and  emit¬ 
ter  support  was  taken  into  consideration.  The  saturated  current  density  versus  temperature 
is  given  in  Figure  4  and  compared  to  the  data  of  Haas'^^  on  UC. 


The  Richardson  plot  of  this  data  is  given  in  Figure  5  and  the  data  are  best  fit  for  a  work 
function  of  2.69  ev  and  an  A  value  of  2.2  amps  cm~^  (®K)”2. 
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